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VIII. Abstract 
This study introduces a new concept in active microfluidics as it employs surface acoustic 
waves (SAW) to induce active microfluidic mixing in a microanalytical flow system. A SAW 
driven microfluidic platform integrated with a flow injection analysis (FIA) system is 
presented. The platform is equipped with a micromixer and a sensitive photodetector for the 
rapid on-line quantification of chemiluminescent species. The microfabricated mixer consists 
of a 100 µL chamber cast in polydimethylsiloxane (PDMS) with an embedded single 
interdigitated SAW transducer. The reagent and sample are injected into the chamber and 
actively mixed using unidirectional SAW streaming. Several experimental configurations were 
optimised by varying the power and duration of the SAW input, fluid flow rate and the 
orientation of the micromixer inlets relative to the SAW aperture. The mixing efficiency of the 
SAW Micromixer was quantified as a function of the spatial shifting of a fluorescent tracer in 
the SAW Micromixer and later as a function of the chemiluminescent output of a 
chemiluminescent reaction under different conditions using image analysis. The effect of SAW 
on the microanalytical sensitivity was assessed using the chemiluminescent species tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate. The microanalytical sensitivity was increased by 
two orders of magnitude with the use of SAW active mixing in comparison with conventional 
FIA systems, resulting in a theoretical detection limit of approximately 0.02 µgL-1 for the 
chemiluminogenic test substance L-proline. Application to selected chemiluminogenic 
pesticides resulted in double the sensitivity of conventional FIA systems, with a theoretical 
detection limit of approximately 0.96 µgL-1 for the pesticide glyphosate using tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate as the chemiluminescent reagent. 
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1 INTRODUCTION 
1.1 OVERVIEW 
Microfluidic systems are a promising solution for real-time pollution monitoring and 
environmental microanalyses on-site1. However, miniaturisation imposes challenges to 
microanalytical sensitivity as detection volumes are reduced2 and microfluidic mixing is 
diffusion-limited at the microscale3.  
Over the past few decades there have been many attempts at enhancing the mixing efficiency 
of microfluidic systems to increase microanalytical sensitivity3,4. One of the most promising 
solutions to increase microfluidic mixing at the microscale is the use of Surface Acoustic 
Waves (SAWs) as a means to promote active mixing within a microfluidic system5–8. 
In particular, SAW devices may be custom-designed and fabricated9 to suit the needs of 
microanalytical platforms for fast sample-reagent mixing and enhanced microanalyses10,11. 
Miniaturised Flow Injection Analysis (FIA) systems are suitable microanalytical platforms for 
real-time environmental microanalyses as they can be fitted with different mixing schemes12 
and detection methods13–15. 
Sensitive microanalyses of pesticides have been achieved through FIA-Chemiluminescence 
(FIA-CL)16–23. However, the miniaturisation of FIA-CL systems calls for improvements in flow 
cell/detector cell sample-reagent mixing24. Attempts have been made to enhance sample-
reagent mixing through micro-machined flow cells and spatial-averaged detection12,15,25,26. 
Nevertheless, while micro-machining increases the complexity and size of the flow cell2,27, 
advancements in photodetector technology28 disfavour spatial-averaged detection as the 
photodetector cell sizes get smaller and smaller29. 
This project employs SAW technology to enhance sample-reagent mixing in FIA-CL systems 
for maximised microanalytical sensitivity. As such, it is the first attempt in the literature to 
combine SAW technology for sensitive chemiluminescent microanalysis in a continuously 
flowing system. 
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1.2 RATIONALE 
This project explores the versatility of FIA instrumentation for the quantification of 
chemiluminescent compounds.  
FIA instrumentation usually involves no more than a multichannel pump, an injection valve, a 
flow-through detector and a signal output device, which makes it a relatively versatile 
analytical technique14. 
FIA is a simple analytical technique in which a known volume of sample is injected into a 
stream of carrier solution and mixed with a reagent in the presence of a detector (UV-visible, 
photodetector, conductivity meter, pH meter or other)14.  
The reaction produces a specific detectable molecule or species which is detected and 
registered by the detector in the form of a signal that is directly proportional to the 
concentration of the sample being analysed.  
The light emitted by the chemiluminescent reactions can be detected, amplified and 
translated into a quantifiable signal that is directly proportional to the concentration of 
sample being analysed.  
An important feature of chemiluminescent reactions is that they are highly specific and 
sensitive. There are at least 16 pesticides described to date that are able to produce 
chemiluminescence upon reaction with a chemiluminogenic reagent12,30,31. 
Most importantly, the project explores the use of SAWs to enhance the sample-reagent 
mixing of chemiluminescent species in an automated and controlled fashion within a 
continuously flowing system. 
1.3 AIMS 
The project aimed to develop a sensitive, versatile and portable microfluidic platform in the 
form of a SAW Micromixer for use in portable FIA systems capable of performing continuous, 
real-time, fast and sensitive monitoring of pesticides in natural waters. 
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1.4 OBJECTIVES 
The project comprised of six major objectives: 
1. Detection system installation, calibration, optimisation and programming of the software 
interface software for photodetector control and data collection. 
2. Mixing system conceptualisation, design, fabrication, automation, optimisation and 
testing to identify the most suitable mixing arrangement. 
3. Integration of the detection and mixing systems by testing different mixing arrangements 
through the optimised detection system. 
4. Instrument optimisation through troubleshooting, variable optimisation and testing of the 
best mixing arrangement using the optimised detection system. 
5. Determination of the instrumental limit of quantification using the test substance. 
6. Microanalysis of pesticides which can elicit a chemiluminescent response with 
chemiluminescent reagents. 
1.5 RESEARCH QUESTIONS 
1.5.1 OPTIMISATION OF THE DETECTOR SENSITIVITY 
1. Is there a sensitive detection method that can capture the light generated by the 
chemiluminescent reaction in real-time and convert it into a digital signal? 
2. What are the best software settings to collect sufficient data in order to capture the full 
signal? 
1.5.2 OPTIMISATION OF THE MIXING CHAMBER 
1. Is it possible to induce mixing in a flow system using surface acoustic wave (SAW) or 
ultrasonic mixing? 
2. What is the best material to build a customized and durable mixing chamber that can 
withstand surface acoustic waves or ultrasonic mixing? 
3. Which mixing system is the most adequate to be used in a portable instrument in the 
field?  
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1.5.3 INTEGRATION OF THE DETECTION AND MIXING SYSTEMS 
1. Can one software interface integrate all systems efficiently? 
2. Can remote monitoring be achieved using this same software? 
1.5.4 CHEMILUMINESCENT REACTIONS 
1. Does the optimised system suit a broad range of chemiluminescent reactions? 
2. Is the system more sensitive than other systems described in the literature? 
1.6 RESEARCH NOVELTY AND CONTRIBUTION 
This study has adopted a novel approach to tackle the physicochemical restraints imposed by 
miniaturisation by employing an acoustically enhanced chemiluminescent detection system 
that can be fully miniaturised in the form of a battery-powered handheld platform weighing 
less than 150 grams. 
The handheld platform incorporates a novel technology to enhance the micromixing 
efficiency of the chemiluminogenic reagents and samples at the microscale. The technology 
utilises Surface Acoustic Waves (SAWs) to drive acoustic streaming and enhance chaotic 
advection in the instrument flow cell, thus maximising the chemiluminescent reaction yields 
in the detection cell. 
The detection system was selected to maximally capture the chemiluminescent emission 
while being lightweight and portable. 
These two main features – the acoustic enhancement and the sensitive chemiluminescent 
detection – address the physicochemical hindrances imposed by miniaturisation and allow 
this instrument to perform microanalyses at a sensitivity comparable to or higher than 
conventional FIA systems. 
The major significance or contribution of this study to FIA instrumentation, techniques and 
theory is the introduction of an ultrasonically driven automated mixing chamber or 
micromixer for active mixing as opposed to the conventional25 passive mixing systems. This 
increases reaction yields directly in front of the detector. Literature up to date reports mostly 
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FIA methods using passive mixing with very few innovations in active mixing in the microliter 
scale27,32,33. 
The introduction of active mixing into the system and the clear design of the mixing chamber 
made of transparent PDMS polymer1,34,35 containing no movable parts contributes to optimal 
emission and detection of the light signal at close proximity to the light detector. 
In addition, the absence of movable parts in the interior of the mixing chamber combined 
with the sonication produced by ultrasonic waves is expected to reduce the formation of 
biofoulants in the chamber36. It is also expected that this will reduce the need for constant 
maintenance, which is an advantage to an automated field instrument. It is also possible to 
modify the surface of the PDMS polymer to further reduce biofouling in the mixing chamber37.  
This project combines specialized knowledge from specific, unrelated areas of research into 
one instrument: SAW mixing5,36 into FIA systems with chemiluminescence detection38. 
This research makes a valuable contribution to knowledge in the fields of analytical chemistry 
and microfluidics. More specifically it provides a method for fast real-time quantitative 
microanalysis of chemiluminescent species in microfluidic systems. It shows that it is possible 
to enhance the sensitivity of chemiluminescent microanalyses in Flow Injection Analysis (FIA) 
systems by employing Surface Acoustic Wave (SAW) devices to actively drive mixing in a 
microfluidic chamber. Moreover, it provides an innovative solution to the limitations of 
passive microfluidic mixing and the miniaturisation of analytical systems by enabling fast 
active mixing in the microscale. 
The SAW micromixer design and the versatile instrumental configuration offer valuable 
advancements to further work in the field of analytical chemistry as this system is flexible 
enough to be adapted for the enhanced detection of fluorescent and phosphorescent species, 
as well as the enhancement of spectrophotometric analyses. 
This research is original as it combines two distinct fields of technology: FIA systems and SAW 
devices to create a microanalytical platform. It is novel in the sense that it employs SAW 
devices, which were originally only used in telecommunications as piezoelectric resonators or 
filters, to drive active microfluidic mixing in a flow-through system coupled to an optically 
transparent micromixer chamber.  
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The transparent nature of the piezoelectric crystal used in the SAW micromixer together with 
the absence of mechanically moving parts facilitates the design and manageability of 
customisable mixing chambers for different instrumental configurations. The size, weight and 
motionless nature of the mixing chamber allows for stable coupling with highly sensitive 
detectors such as PMTs. 
The research has also produced new knowledge and advancements in the field of 
microfluidics as it has characterised the use of SAWs for microfluidic mixing in continuously 
flowing enclosed systems as opposed to droplet manipulation and microfluidic mixing in 
sessile drops or in paper as previously reported in the literature5,6,36,39–41.  
In addition, it has yielded valuable knowledge and a methodology for future iterations of SAW 
micromixer designs, manufacturing and testing. Finally, it has also identified important 
sources of variability and alerted for the need for accuracy and precision in the design and 
microfabrication processes. 
The further development of a fast, robust screening method with an incorporated 
preconcentration method will provide water authorities with the ability to monitor pesticides 
or their degradation products at extremely low concentrations in natural waters in real time. 
This system may also be applicable to other contaminants such as pharmaceuticals and algal 
toxins. 
Such a system will aid water providers to perform faster and cheaper analyses, and water 
authorities to trace the source of pollution in order to respond rapidly to pollution episodes.  
This research will build to the current body of knowledge of:  
1. FIA: instrumentation, techniques and theory. 
2. Microfluidics: mixing techniques and applications 
3. Chemiluminescence: reactions and detection.  
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1.8 THESIS OVERVIEW 
 
  
Chapter 1 Explains the motivation that led to the development of a portable FIA system  
equipped with an acoustically-enhanced chemiluminescence-based detection 
system for the real-time, fast and sensitive analysis of pesticides in source waters. 
The chapter also contains an overview of the  chapters and thesis structure.
Chapter 2 Explores the history and evolution of FIA systems into miniaturised systems for 
sensitive water testing. It addresses the capabilities and limitations of 
conventional FIA systems as well as the challenges posed by miniaturisation -
especially microfluidic mixing and detection sensitivity. Finally it explores the 
possibilities, trends and applications of such systems to water quality monitoring.
Chapter 3 Contains detailed information regarding the conceptual development of the 
instrument. It hightlights the fundamentals of the instrument design and 
configuration, SAW Micromixer design and fabrication as well as the development 
of a software for sensitive chemiluminescent detection. 
Chapter 4 Describes the theory, methodology and experimental procedures for 
characterising the micromixing of water and a fluorescent tracer in the SAW 
Micromixer using image analysis. It also explores the effects of SAW amplitude or 
surface displacement, SAW orientation and fluid flow rate on the efficiency of the 
micromixing.
Chapter 5 Describes the theory, methodology and experimental procedures for 
characterising the micromixing of a chemiluminescent reagent and a 
chemiluminogenic sample in the SAW Micromixer using image analysis. It also 
explores the effects of SAW amplitude or surface displacement and fluid flow rate 
on the efficiency of the micromixing.
Chapter 6 Presents experimental  data and a discussion of the various stages of optimisation 
of the instrument. It covers the initial phase of micromixing quantification, 
followed by chemiluminescent detection and the optimisaton of the instrumental 
limit of detection.
Chapter 7 Contains specific microanalytical data for the detection of glyphosate in ultrapure 
water.
Chapter 8 Contains a description of experimental sources of variability and error such as 
chamber performance due to design and fabrication issues, variations due to fluid 
density, viscosity, ionic strength etc.
Chapter 9 Presents the overall conclusion of the work taking into account the validity, 
performance, applicability and scientific contribution of the newly developed 
instrument to the realm of analytical chemistry and water analysis. It suggests 
ideas and possiblities for further work, including the adaptation of the detection 
method to other luminescence-based detection methods. 
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2 LITERATURE REVIEW 
2.1 OVERVIEW 
Pesticides and their transformation products can be found in source waters at concentrations 
of the order of parts per trillion1. At present, the monitoring of pesticides and other water 
pollutants found at such low concentrations is usually possible through the use of laboratory-
based sensitive analytical techniques such as LC-MS/MS2, and GC-MS2 – all of which require 
sample preconcentration and preparation, as well as multistep bench-scale analysis in most 
cases3,4.  
Constant on-site monitoring through the use of portable and sensitive detection systems is 
highly desirable to ensure the quality of the water being supplied to the consumers. 
Catchment-to-consumer monitoring is a preventive rather than reactive strategy employed 
by water suppliers to ensure the quality of the water throughout the supply system. It 
incorporates the monitoring of source waters (surface, ground or sea water), water treatment 
plants, the distribution system and even consumer satisfaction surveys. Early warning 
monitoring allows for real-time process control measures such as supply interruption or the 
use of alternative sources, as well as the prediction and tracking of potential sources of 
pollution1. 
Nevertheless, catchment-to-consumer monitoring still poses a great challenge to the water 
industry as it requires real-time, portable and sensitive analysis to be done continuously on-
site. As conventional laboratory-based analytical monitoring techniques are unable to address 
such requirements, an opportunity arises for the development of sensitive portable analytical 
instrumentation5. Over the years, FIA has been considered a strong candidate to address all 
these needs and enable continuous on-site water monitoring.6,7  
FIA systems can be miniaturised and converted into portable instruments while still 
maintaining their vast analytical versatility8. Analytical sensitivity in these systems can be 
achieved mostly thanks to advancements in detection technology9 and micro-electro-
mechanical systems (MEMS)10.  
31 
 
However, drawbacks resulting from miniaturisation such as reduced sample size and sample-
reagent micromixing have a detrimental impact on instrumental sensitivity11. Hydrodynamic 
flow becomes predominantly laminar at the microscale, which reduces the sample-reagent 
mixing efficiency and consequently reduces reaction yields at the microliter scale12.  
This chapter presents a literature review of the elements, processes, challenges and solutions 
involved in the development of portable FIA systems for monitoring of pesticides in real-time. 
2.2 PESTICIDES: DEFINITION AND CLASSIFICATION 
2.2.1 PESTICIDE DEFINITION 
Pesticides constitute a particular group of biocides of broad spectrum effect to eliminate 
certain living organisms to produce greater quantity and quality of food. 
The Food and Agriculture Organisation of the United Nations (FAO-UN) International code of 
conduct on pesticide management: guidelines on good labelling practice for pesticides 201513 
defines pesticides as “any substance, or mixture of substances of chemical or biological 
ingredients intended for repelling, destroying or controlling any pest, or regulating plant 
growth.”. Furthermore, it defines pests as “any species, strain or biotype of plant, animal or 
pathogenic agent injurious to plants and plant products, materials or environments and 
includes vectors of parasites or pathogens of human and animal disease and animals causing 
public health nuisance”. 
Interestingly, the 2015 definition differs substantially from the 2011 FAO-UN glossary14 in 
which pesticide is defined as “any substance, or mixture of substances, or microorganisms 
including viruses, intended for repelling, destroying or controlling any pest, including vectors 
of human or animal disease, nuisance pests, unwanted species of plants or animals causing 
harm during or otherwise interfering with the production, processing, storage, transport or 
marketing of food, agricultural commodities, wood and wood products or animal feeding 
stuffs, or which may be administered to animals for the control of insects, arachnids or other 
pests in or on their bodies. The term includes substances intended for use as insect or plant 
growth regulators; defoliants; desiccants; agents for setting, thinning or preventing the 
premature fall of fruit; and substances applied to crops either before or after harvest to 
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protect the commodity from deterioration during storage and transport. The term also 
includes pesticide synergists and safeners, where they are integral to the satisfactory 
performance of the pesticide.”. The same document defined pest as “an organism that will or 
may cause unacceptable damage to a crop or stored product or threaten the health of 
humans or animals, and which is a target for a treatment with a plant protection, public health 
or domestic product, including, among others, insects, mites, nematodes, diseases, weeds, 
rodents or birds.”. 
2.2.2 PESTICIDE CLASSIFICATION 
Due to their wide diversity, pesticides may be classified according to their chronological order 
of appearance and evolution15 (1st, 2nd and 3rd generation), exposure route16 (contact, 
stomach and fumigant), chemical origin17 (synthetic: organic and inorganic, or natural: 
alkaloid, terpenoid, flavonoid, pyrethrins and microbial), functional group3,18 (benzene 
derivatives, organic sulphur, carbamates, formidines, nitro anilines, phenol derivatives, 
phenoxy and aliphatic acids, dithiocarbamates, thiazoles, triazines, halogenic hydrocarbons, 
organic phosphates, isothiocianate, phosphorous and coumarins), target organism19 
(insecticides, herbicides, fungicides, bactericides, nematocides and rodenticides) and level of 
hazard20.  
2.2.2.1 PESTICIDE CLASSIFICATION BY CHRONOLOGICAL ORDER OF APPEARANCE 
First-generation pesticides were mostly insecticides which comprised of elemental chemicals 
such as sulphur, arsenic, mercury and lead. Kerosene, arsenate of lead, nicotine and rotenone 
were also used as pesticides at the time.21 These elements were applied to food crops for 
centuries until they were found to inhibit plant growth by accumulating in the soil, in addition 
to being ineffective and toxic. Their use was discontinued in the early 20th century.22 
Second-generation pesticides comprised of synthetic organic chemicals developed in the 
early 1930s, with the introduction of the famous dichlorodiphenyl trichloroethane (DDT) and 
other chlorinated hydrocarbons. Organophosphates were also part of the repertoire of 
second-generation pesticides and, even though they were more toxic to mammals and other 
non-target species, they were more popular due to their broad spectrum efficiency and low 
cost.22,23 
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Third-generation pesticides emerged in the late 1960s in response to insect resistance to 
second-generation pesticides. Third-generation pesticides consist of juvenile insect 
hormones21,24, insect growth regulators25, chitin synthesis inhibitors26,27 and the use of 
bacillus thuringiensis28. Even though target-specific and relatively less harmful to non-target 
species, third-generation pesticides were found to be less efficient over time due to 
insecticide resistance23,24,27,29 
What could be called fourth-generation pesticides are the synthetic ameliorated forms of 
naturally occurring pesticides (biopesticides)30. Semisynthetic26 pesticides are a current trend 
in pesticide development. These are the result of a combinatorial approach in which the active 
principle of a biopesticide is isolated and modified to become more potent when synthetised 
artificially.17  
2.2.2.2 PESTICIDE CLASSIFICATION BY EXPOSURE ROUTE 
Stomach or internal insecticides are taken up by insects and act as gastric poisons. Contact or 
external insecticides can kill insects upon contact with their exoskeleton. Fumigants act on 
insect’s respiratory systems. Furthermore, pesticides can be classified according to their 
mode of action as physical poisons (percutaneous penetration or respiratory deposition), 
nerve poisons (nervous excitation and paralysis), protoplasmic poisons (interfere with cellular 
metabolism), and respiratory poisons (inactivate respiratory enzymes causing suffocation).3  
2.2.2.3 PESTICIDE CLASSIFICATION BY CHEMICAL ORIGIN 
Pesticides can be of synthetic or natural origin. Synthetic pesticides include inorganic 
pesticides such as arsenic, lead, lead arsenate, sulphur, copper aceto-arsenite, zinc 
phosphide, sodium fluorosilicate, as well as organic pesticides such as organochlorines, 
organophosphates, carbamates, dithiocarbamates, carboxylic acid derivatives, substituted 
ureas, triazines, pyrethroids, neem products, organometallics, thiocyanates, phenols and 
formamides.3 
Natural pesticides encompass all extractable pesticides found in nature. Biopesticides are 
examples of natural pesticides as these are originated from microorganisms, such as bacteria, 
fungi, viruses, protozoa or from plants that may even have been genetically modified to 
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produce plant-incorporated protectants (PIPs).3 Other biopesticides include biochemical 
pesticides such as pheromones, juvenile hormone, growth and chitin synthesis inhibitors, see 
2.2.2.1.  
Some plant-derived insecticides can be derived from tobacco, derris, hellebore, quassia, 
camphor, and turpentine.26 Other natural pesticides include alkaloids, terpenoids, flavonoids 
and pyrethrins. However, depending on the chemical stability of these compounds, these may 
be synthetically modified to increase their efficacy upon application23. Even though target-
specific and less toxic, natural pesticides are not often the preferred choice of farmers as they 
are susceptible to changes in temperature, sunlight or UV index, rainfall, humidity and other 
factors affecting their phytochemical stability.17 Pyrethroids are an example as they were 
originally derived from the pyrethrum extract from chrysanthemum flowers, known as 
pyrethrins. Subsequently, pyrethroids were produced synthetically and are presently 
manufactured around 100 different commercial products31. 
2.2.2.4 PESTICIDE CLASSIFICATION BY FUNCTIONAL GROUP AND TARGET ORGANISM 
Classes of functional groups of pesticides act on specific target organisms. For example, esters 
of phosphoric acid called organophosphates act as insecticides and can be divided into three 
different categories depending on their stereochemistry and functional groups: aliphatic 
organophosphates, phenyl organophosphates and heterocyclic organophosphates. 
Organochlorines are also insecticides and can occur in the form of diphenyl aliphatic26 
chlorinated hydrocarbons or as hexachlorocyclohexanes.18 Other insecticides include 
benzene derivatives17, carbamates, benzoylureas and formamidines26, as well as cyclodienes, 
synthetic and photostable pyrethroids, and nicotinoids.18 
Herbicides display the following functional groups: nitroanilines, phenol derivatives, phenoxy 
and aliphatic acids, chlorophenoxy acids17, carbamates, triazines and triazoles18. In addition 
to these is glyphosate (N-(phosphonomethyl)glycine), the world’s most popular herbicide.32 
Carbamates are esters derived from acids or dimethyl N-methyl carbamic acid used as 
insecticides, herbicides, fungicides and nematicides.33 
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Fungicides and bactericides comprise of a multitude of functional groups such as 
dithiocarbamates, thiazoles, triazines17, , dicarboximides, oxathiins, benzemidazoles and 
thiophanates.18  
Organotin compounds can act as acaricides or as fungicides.26 
Nematicides include halogenated hydrocarbons, organophosphates, isothiocyanate and 
carbamates.17 
Rodenticides include phosphorus and coumarin17 and acaricides or miticides include 
organosulfur compounds.26 
Interestingly, the now discontinued overly toxic dinitrhophenols can act as insecticides, 
herbicides, miticides, ovicides and fungicides.26 
Other new classes of insecticides include spinosyns (metabolite of the actinomycete 
Saccharopolyspora spinosa), phenylpyrazoles, pyrroles, pyrazoles, pyridazinones, 
quinazolines.26  
Examples of insecticides from botanical sources are pyrethrum, nicotine, rotenone, limonene 
or d-limonene and neem oil.26  
  
36 
 
2.2.2.5 PESTICIDE CLASSIFICATION BY LEVEL OF CHEMICAL HAZARD 
The World Health Organisation (WHO)20 has proposed a classification system for pesticides 
based on the median lethal dose (LD50) that produces death in 50 % of the exposed animals. 
The classification system ranks pesticides from their highest to their lowest toxicity as shown 
in Table 2.1 below adapted from the  Recommended Classification of Pesticides by Hazard 
and Guidelines to Classification 200920: 
Table 2.1: Pesticide classification system. 
Pesticide Classification Code Hazard 
Ia Extremely hazardous 
Ib Highly hazardous 
II Moderately hazardous 
III Slightly hazardous 
U Unlikely to present acute hazard 
2.2.2.5.1 BIOLOGICAL HAZARDS OF PESTICIDES 
Although the general population is exposed to these compounds, occupational exposure 
places farmers at a high risk group with regards to the incidence of genotoxic diseases caused 
by acute and chronic exposure to pesticides34.  
Different types of genotoxicity caused by acute and chronic exposure to pesticides are point 
and chromosomal mutations, which can lead to cell transformation. Exposure to pesticides 
can cause neuropathy35, psychiatric manifestations36, hepatorenal37, neurological and 
neurodegenerative38, immune39, metabolic and endocrine disorders40. Similarly, exposure to 
pesticides has been linked to increased incidence of leukaemia and bladder cancer in 
farmers41.  
Genotoxic compounds are those that act directly or indirectly on the DNA42. The genotoxic 
potential is a primary risk factor for chronic or long-term effects, such as reproductive defects 
and cytotoxicity43. Toxicological evidence of mutagenic and carcinogenic action of several 
pesticides through occupational or accidental exposure has attracted the attention of many 
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cytogenetic studies. A number of studies that seek to evaluate the genetic risk of occupational 
exposure have established an association between occupational exposure to pesticides and 
the presence of chromosomal aberrations, sister chromatid exchanges and / or 
micronuclei41,44–51.  
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2.3 PESTICIDES IN WATER 
Pesticide application is the most popular and effective method for the maximum productivity 
of crops worldwide52–55. Over the last 50 years, however, the intensive use of pesticides has 
also had a negative impact on the environment, public health and the economy through the 
contamination of ground and source waters, the development of pest resistance, increased 
health and water purification costs, and the devaluation of fisheries and recreational land56.  
Sustained exposure to low doses of pesticides has been linked to a variety of disorders in the 
medium and long term, including various cancers, reproductive, and nervous system 
disorders, among other problems57. Regardless of their benefits, pesticides are toxic 
chemicals which may simultaneously affect different species in different ways16. 
Over the years, the acute and chronic adverse effects of pesticides have become apparent 
throughout entire ecosystems58. Depending on their persistence, pesticides and their 
residues may leach into the air, water and soil and bioaccumulate in the food chain59. 
Pesticide leaching into water has been identified as the most significant nonpoint source of 
aquatic pollution worldwide17. 
Pesticides leach into water bodies at different rates depending on a variety of factors. With 
this premise, pesticide transport models try to predict preferential flow paths of pesticides 
and their degradation products into natural waters60,61. Evaluative models can utilise different 
parameters to predict the distribution of pesticides and their degradation products into 
natural waters62, soil 63and even throughout the food chain64. One of the most effective 
models relies on a physicochemical parameter called octanol/water partition coefficient (log 
Kow) in equations to predict the distribution of pesticides throughout an ecosystem or their 
bioaccumulation in plants and animals65. 
However, depending on the polarity of the pesticide or transformation product in question, 
results may unreliable as samples with high liphophilicity may form octanol emulsions in 
water, thus increasing sample volume and making evaluation time-consuming65. 
In addition, evaluative models have to take into account other factors and physicochemical 
characteristics of the pesticides, such as rate and method of application, sorption and 
persistence properties, as well as the toxicity of the pesticide and its degradation products63. 
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As a result, there have been attempts to develop all-encompassing models to predict the risk 
of exposure to certain pesticides in natural waters according to their pollution potential to 
ground or surface water and their toxicity at different tropic levels, as well as geo-economic 
factors such as environmental and site conditions and the main use of the land around 
particular catchments, ground or surface waters63,66. One such example is the Pesticide 
Impact Rating Index (PIRI) developed and proposed by CSIRO in 200567.   
These models can be useful in suggesting key locations for pesticide monitoring and sampling 
to the water authorities, however they are not able to monitor or quantify pesticide exposure 
in real-time68. Hence, combining these predictions for strategic sampling locations with local, 
portable FIA monitoring systems can prove to be an effective, practical and inexpensive way 
to accomplish routine pesticide monitoring. 
Strategic monitoring techniques associated with portable systems may assist in overcoming 
routine monitoring costs by avoiding the use of laboratory-based instrumentation and 
personnel, as well as in reducing the number of laboratorial analyses to the locations deemed 
problematic by the local portable systems69. 
2.3.1 PESTICIDES DEGRADATION PRODUCTS IN WATER 
Pesticide degradation products are a threat to water quality as these may be present at higher 
levels than the parent pesticides in natural waters70. The monitoring and determination of 
pesticide degradation products in natural waters can be considered more complex than that 
of the parent pesticides and usually involves the use of highly sensitive analytical methods4. 
2.3.2 THE NEED FOR PESTICIDE MONITORING  
Current practices for pesticide monitoring in natural waters usually involve laboratory analysis 
using highly sensitive detection methods as discussed in Section 2.1. Internationally, there is 
an effort to develop reliable methods for monitoring chemical pollutants in waters and to 
comply with national and international standards71,72. 
Pesticides can be found in natural waters at concentrations ranging from nanograms per litre 
(ngL-1) to milligrams per litre (mgL-1) mostly as a result of rain and flooding events post-
40 
 
spraying1. However, spray drift, off-target damage, accidental spills and emergency use may 
also result in water contamination1,73.  
The bioacummulation of certain pesticides may occur in the food chain depending on the 
mode of action of the pesticide, its physicochemical properties and its abundance and 
persistence in the environment1,59,67. 
Pesticides may also be present in sources of drinking water and occasionally persist through 
treatment at extremely low concentrations (ngL-1-µgL-1)1,59. The National Health and Medical 
Research Council (NHMRC) has established aesthetic guideline values and health-related 
guideline values in the ADWG for short and long-term exposure to pesticides in drinking water 
(ngL-1-mgL-1), respectively59.  
According to the Environmental protection agency (EPA) there are two standards for 
pesticides in the drinking water regulations: total pesticides (0.5 μgL-1) and individual 
pesticides (0.1 ugL-1)74. Given such low concentration thresholds for both maximum allowable 
measures, it is of great importance to develop a fast, reliable and economical analytical 
method for quantification of pesticide traces in drinking water75. 
Currently there is no integrated pesticide monitoring or reporting system in Australia; instead, 
water utilities individually monitor for certain pesticides and investigate when a pesticide has 
been detected above the recommended guideline value59. 
Conventional methods such as LC-MS and GC-MS require sample preparation, which may 
include filtration, pre-concentration, and decontamination2,76. Therefore, devising real-time 
and highly sensitive analytical methods for continuous detection of specific pesticides without 
the need for sample preparation can expedite and facilitate the monitoring procedure77. 
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2.4 PESTICIDE EXTRACTION 
2.4.1 INITIAL SCREENING 
Prior to routine sampling, if a particular location is suspected to have a higher risk of exposure 
to a certain pesticide, a spot test will be performed to maximise the specificity, selectivity and 
sensitivity of the test. Spot tests are usually chromatographic or enzymatic binary tests able 
to indicate the presence or absence of pesticides in natural waters at or near trace levels3. 
2.4.2 SAMPLE CLEAN-UP OR SEPARATION 
Prior to analysis, samples have to be purified to eliminate interferences or co-extractives such 
as natural organic matter, humic acids, and inorganic compounds78. Depending on the nature 
of the target analyte and that of the co-extractives, different sample clean-up techniques may 
be required. Adsorption-based techniques usually involve single or multi-step 
chromatographic, solvent partition or distillation methods to separate the target analyte from 
the interferences79.  
2.4.3 SAMPLE PRECONCENTRATION OR ENRICHMENT 
As discussed in Section 2.3, pesticides may be present at extremely low concentrations in 
natural waters. The dilution of the target analyte in the environment limits the detection 
signal in unprocessed samples. Hence, depending on the sensitivity of the detection method 
and on the concentration of the analyte in the unprocessed sample, samples may require 
preconcentration or enrichment78.  
Sample preconcentration consists in entrapping and concentrating the target analyte found 
in large volumes of sample using specific enrichment methods80. Different preconcentration 
or enrichment methods may be used depending on the physicochemical characteristics of the 
target analyte and also the nature of the interferences present in the sample3. Several factors 
may be taken into consideration when choosing a suitable preconcentration method, 
including the persistence of the target analyte and its affinity for the natural organic matter 
or other compounds found in solution81. 
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Preconcentration should be performed so as to maximise the extractive yield of the target 
analyte with minimised sample processing82. Preconcentration methods are chosen according 
to the physicochemical properties of the target analyte, especially volatility and solubility and 
the capacity of the method to achieve the desired degree of preconcentration80. 
Preconcentration may be achieved through the use of solvent removal methods or isolation 
methods3. Solvent removal methods concentrate the target analyte by removing the sample 
solvent, usually through techniques such as freeze concentration83, lyophilisation, 
evaporation84, distillation85, reverse osmosis86, and ultrafiltration87. On the other hand, in 
isolation methods the target analytes are extracted from solution utilising adsorptive 
techniques such as liquid–liquid extraction78,78,88,89, solid–liquid extraction using activated 
carbon3, polymeric adsorbents90, in situ polymerized resins, polyurethane foam plugs91, 
inorganic adsorbents92 (activated alumina, calcium phosphate, Florisil, hydroxylapatite, 
magnesia, silica gel, etc.), ion-exchange resins93, and precipitation94. 
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2.4.4 PRECONCENTRATION METHODS 
Table 2.2 briefly describes the principles, advantages and disadvantages of preconcentration methods that may be applicable to pesticide 
analysis in water coupled to portable FIA systems. Methods can be considered applicable depending on their compatibility with the analyte in 
question as well as their suitability to portable systems. Therefore, methods must prioritise the use of reusable, miniaturised, robust, and durable 
materials, as well as small volumes of organic solvents. 
Table 2.2: Preconcentration methods: application to pesticides. 
Extraction Method Principle Advantage Disadvantage 
 
 
Liquid-Liquid Extraction 
(LLE) 
 
 
The target analyte partitions from 
the aqueous sample into a suitable 
organic solvent and extracted from 
the settled phase79. 
Classic technique applied to a wide 
range of compounds95. 
Uses large quantities of organic 
solvent.78 Time consuming, low 
enrichment/low yield96. 
 
Hollow Fibre Liquid-
Phase Micro-extraction 
(HF-LPME) 
 
 
The target analyte is extracted from 
the sample into the acceptor phase 
through the hollow-fibre via its 
solvent-immobilised pores97  
Two-phase extraction system. 
Three-phase extraction system if 
the acceptor solution is acidic or 
alkaline78. 
Low enrichment with polar 
analytes; long extraction times of 
the order of 5-45 minutes97. 
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Extraction Method Principle Advantage Disadvantage 
 
 
Extracting Syringe (ESy) 
 
 
Membrane-based extraction 
coupled with gas chromatography 
and mass selective detector (GC-
MSD)98. 
Online sample clean-up, 
enrichment and analysis with 
minimal sample handling. Use of 
small volumes of solvent (< 7 mL)98. 
Long extraction time (30 
minutes)98. 
 
 
Microporous Membrane 
Liquid-Liquid Extraction 
(MMLLE) 
 
 
 
Extraction through a solvent-
embedded microporous membrane 
exposed to continuously flowing 
sample99. 
Small sample volumes, no emulsion 
formed, high enrichment factor.99 
Pressurised hot water for extraction 
hyphenated with GC analysis98. 
Low recoveries99. 
 
 
Membrane Assisted 
Solvent Extraction 
(MASE) 
 
Extraction through a low density 
polyethylene membrane using 
organic solvent100. 
Small amount of organic solvent (< 
1 mL), membranes are robust, easy 
to handle and clean and can be 
reused100. 
Limited to non-polar compounds 
due to the non-polar character of 
the membranes. Long extraction 
time (60 minutes) 95. 
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Extraction Method Principle Advantage Disadvantage 
 
 
 
 
Supported Liquid 
Membrane Extraction 
(SLME) 
 
 
 
Extraction through a porous 
polymeric hydrophobic membrane 
impregnated with small amounts of 
organic solvent from the organic 
phase, through the membrane, into 
the acceptor phase101. 
Suitable for acidic, basic and 
multicharged compounds through 
the adjustment of the pH of the 
donor and acceptor phases and the 
incorporation of a carrier solution 
of opposite charge, respectively101. 
Requires the use of peristaltic and 
syringe pumps mounted onto a 
micromachined PTFE unit97. 
 
 
 
Direct Immersion Single-
Drop Micro-extraction 
(DI-SDME) 
 
 
 
Extraction through a suspended 
drop of organic solvent at the tip of 
a microsyringe immersed in the 
aqueous sample95. 
Simplicity and low cost95. 
Restricted to medium polarity and 
non-polar analytes (organic solvent 
must be immiscible in water).78 
Interference of humic acids, 
suspended solids, and long 
extraction time102. 
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Extraction Method Principle Advantage Disadvantage 
 
 
 
 
Headspace Single-Drop 
Micro-extraction (HS-
SDME) 
 
 
 
Extraction of volatile or semi-volatile 
analytes through a suspended 
droplet of organic solvent from 
vapour formed above the sample102. 
Ideal for samples with complex 
matrices, wide variety of solvents, 
low cost, small volumes of solvents 
(µL)78. 
The vapour pressure of the solvent 
must be low to avoid evaporation 
and the solvent must not be 
miscible with water otherwise the 
droplet size may increase and 
drop103. 
 
 
 
Directly Suspended 
Droplet Micro-
extraction (D-SDME) 
 
 
 
Extraction through an organic 
droplet of solvent suspended in 
solution under continuous 
stirring104. 
No cross contamination, no need 
for supporting materials and fast 
equilibrium time78. 
The target analyte must not be 
soluble in water.104 Difficulty in 
extracting the suspended droplet 
from solution78. 
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Extraction Method Principle Advantage Disadvantage 
 
 
 
 
Continuous Flow Micro-
extraction (CFME) 
 
 
 
Extraction through a drop of organic 
solvent suspended at the end of 
PEEK tubing in a glass extraction 
chamber in contact with 
continuously flowing sample105. 
The droplet size may be adjusted to 
suit the flow rate, extraction times 
of the order of < 10 minutes, high 
yield (pgL-1), 1000-fold 
concentration, small volumes of 
sample (< 3 mL)105. 
Possibility of air bubbles interfering 
with the process78. 
 
 
 
 
Dispersive Liquid-liquid 
Micro-extraction 
(DLLME) 
 
 
 
Extraction through fine droplets of 
extracting solvent dispersed in 
aqueous sample with the aid of a 
dispersive solvent later collected in 
the settled phase95. 
Suitable for small sample volumes 
(< 5 mL), high recovery and 
enrichment within seconds106. 
Limited by the solvent miscibility in 
water and the need for a dispersive 
solvent95. 
48 
 
Extraction Method Principle Advantage Disadvantage 
 
 
 
Pressurised Liquid 
Extraction (PLE) 
 
 
 
Extraction using high temperatures 
and pressure to liquefy organic 
solvents for the sequential 
extraction of analytes107. 
Extraction of multiple analytes108. 
Lengthy procedure which requires 
specialised equipment and multiple 
steps, flushes, purges, etc108. 
 
 
 
 
Stir Bar Sorptive 
Extraction (SBSE) 
 
 
 
 
 
Partition-based extraction in which 
the target analyte is adsorbed onto 
the polymeric coating of a glass stir 
bar and then eluted with a solvent 
or desorbed using temperature109. 
Polymeric surface area can be 
controlled easily for maximised 
efficiency and analyte partition 
onto PDMS can be correlated to the 
respective octanol/water partition 
coefficient109. 
Not suitable for polar pesticides80. 
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Extraction Method Principle Advantage Disadvantage 
 
 
 
Solid Phase Micro-
extraction (SPME) 
 
 
 
 
Solvent-free extraction using fused 
silica coated with sorbent. The 
adsorbed analyte is then thermally 
desorbed in a gas chromatogram80. 
High specificity as different coatings 
may be used either in the 
headspace compartment, directly in 
contact with the sample or 
protected by a membrane.82 
Selective and fast method for 
volatile and semi volatile 
compounds80. 
Low yield/enrichment, not suitable 
for complex matrices as the 
sorbent may be very fragile80. 
 
 
 
 
Solid Phase Extraction 
(SPE) 
 
 
 
 
Extraction of the target analyte 
through adsorption onto the solid 
phase sorbent, followed by elution 
with a suitable solvent80. 
Various choices of sorbent, such as 
C18-bonded silica, styrene/divinyl 
benzene copolymer.80 Other 
sorbents have also been used, such 
as diatomaceous earth110, 
multiwalled carbon nanotubes111, 
and bamboo charcoal112. 
Use of packed columns, (vacuum) 
pumps, and large amounts of 
solvent (mL)79. 
50 
 
Extraction Method Principle Advantage Disadvantage 
 
Molecularly Imprinted 
Solid Phase Extraction/ 
Micro-extraction 
(MISPE/MI-SPME) 
 
Extraction through analyte-specific 
synthetic polymers with 
predetermined selectivity113. 
High specificity tailored to a variety 
of analytes applicable in 
combination with other extraction 
techniques114. 
Template bleeding during 
polymeric synthesis; complex 
synthesis procedures with a limited 
range of methodologies113. 
Considering all factors mentioned above, the most promising extraction methods for portable FIA systems may be considered the following (in 
descending order of adequacy): MIP-SPME, SPME, and the conventional SPE C18. These methods were chosen based on compatibility, ease of 
use, low maintenance and reduced sample and solvent volumes to suit portable FIA systems. 
MIPs are an interesting technique with enormous potential for use in environmental analyses with the advantage of being tailor-made to detect 
the analyte in question, relatively versatile to produce (columns, monolithic and fibre coatings) and easy to maintain113,114.  
Finally, liquid-liquid extraction is not recommended for portable analytical analyses due to their reliance on large volumes of organic solvents 
and the complexities involving the reproducibility of liquid extraction methods78,106. 
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2.5 PESTICIDE DETECTION 
2.5.1 METHODS  
Analytical methods used in the determination of pesticides and their residues fall into five major groups based on their main detection principles: 
bioassays, spectrophotometric, chromatographic, electrochemical, and radiochemical. The radiochemical methods are extremely limited in use. 
Table 2.3 summarises the principles, advantages and disadvantages of each method. 
Table 2.3: Detection methods: application to pesticides. 
Detection Method Principle Advantage Disadvantage 
 
 
Bioassays 
 
Measurement of a significant 
change in any observable 
biochemical parameter on living 
cells or tissues3. 
Often does not require sample clean 
up or preconcentration3. 
Low specificity, binary 
or qualitative, difficult 
to manufacture, store 
and use in the field3. 
 
 
Ultraviolet and Visible 
Spectrophotometry/Colorimetry 
 
 
 
Quantitative measurement of an 
optical parameter of the sample 
(wavelength and/or 
absorbance/reflection) that 
correlates to the analyte 
concentration115. 
Suitable for quantitative analysis in 
continuously flowing systems115. 
Low specificity and 
sensitivity when 
compared to 
chromatographic 
techniques3. 
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Detection Method Principle Advantage Disadvantage 
 
 
 
 
Infrared Spectroscopy 
 
 
 
 
Measures the target analyte as a 
function of the vibrational 
frequency of a bond or group of 
bonds upon interaction with 
infrared radiation which is 
characteristic of the target analyte 
molecule116. 
Both qualitative and quantitative3. 
Not suitable for 
portable systems or 
aqueous samples as 
samples have to be 
clean and dry3. 
 
 
 
Fluorescence, Phosphorescence 
and Chemiluminescence 
 
 
 
 
 
Measurement of the cold light 
emitted by the target analyte after 
excitation and emission (immediate 
emission in fluorescence117 and 
delayed emission in 
phosphorescence118) or immediate 
emission upon reaction with a 
chemiluminogenic reagent 
(chemiluminescence119). 
High sensitivity, fast reaction times, 
usually linear within a certain range120. 
Susceptible to 
interferences120. 
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Detection Method Principle Advantage Disadvantage 
 
 
 
Paper Chromatography 
 
 
Qualitative colorimetric detection 
(UV-Visible, fluorescence) of the 
analyte through solvent separation 
(capillary action) on paper. 
Quantitative detection may be 
possible by calculating the 
retention factor Rf = distance 
travelled by the substance/distance 
travelled by the mobile phase3.  
Simple, inexpensive, fast, selective and 
sensitive method3. 
Low reproducibility3. 
 
 
 
Thin Layer Chromatography  
(TLC) 
 
 
 
Qualitative colorimetric detection 
(UV-Visible, fluorescence) of the 
analyte through solvent separation 
on thin layer alumina or silica. 
Quantitative detection may be 
possible by calculating the 
retention factor Rf = distance 
travelled by the substance/distance 
travelled by the mobile phase3.  
Separation of multiple analytes with 
better reproducibility than paper 
chromatography3. 
Reproducibility 
depends on a variety 
of factors such as 
thickness of the TLC 
plate, temperature, 
humidity, and quality 
of the adsorbent and 
elution solvent121. 
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Detection Method Principle Advantage Disadvantage 
 
 
Gas Chromatography (GC) 
 
 
 
 
Qualitative or quantitative 
detection (various detectors) of 
volatilised sample using an inert 
gas as the mobile phase through a 
stationary phase in a glass or metal 
column122. 
 
 
 
 
Versatile, sensitive and may be used in 
tandem with other methods100. 
 
Portable versions are 
large and weigh > 10 
kg123. Not applicable to 
thermally labile and 
polar compounds33. 
 
 
Liquid Chromatography (LC) 
 
 
 
Qualitative or quantitative 
detection (UV-Visible) of analytes 
based on their partition coefficients 
into different organic solvents used 
as the mobile phase under high 
pressure over a stationary phase 
(various types: partition, normal-
phase, displacement, reversed-
phase, size exclusion, etc.)3. 
 
Versatile, sensitive, and may be used in 
tandem with other methods for the 
analysis of non-volatile polar76 
analytes33. 
Portable versions are 
large and complex to 
operate (reliance on 
columns and precision 
pumps)124. 
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Detection Method Principle Advantage Disadvantage 
 
 
 
Supercritical Fluid 
Chromatography (SFC) 
 
 
 
 
Detection of thermally labile 
molecules of low to moderate 
molecular weight (UV/Visible, mass 
spectrometry, flame ionisation, 
evaporative light scattering) based 
on normal phase chromatography 
using carbon dioxide as the mobile 
phase128. 
 
 
 
 
Suitable for low molecular weight and 
thermally labile molecules128. 
 
Not suitable for 
portable applications 
due to the 
complexities of high 
pressure operating 
conditions128. 
 
Electrochemical Techniques  
using polarography129, 
potentiometry and 
conductometry130, and 
voltammetry131. 
 
 
Detection of chemical species 
through a measurable electrical 
signal resulting from or causing a 
chemical change in an electrolyte 
solution.3 
 
Polarography may be applicable to 
pesticides containing oxidisable or 
reducible groups.3 Potentiometry and 
conductometry may be made 
portable.132 Voltammetry may be used 
in conjunction with other techniques, 
including electrochemiluminescence133. 
 
Polarography has low 
selectivity and 
sensitivity.129 All these 
techniques may suffer 
interferences from 
ionic species in 
solution134. 
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 Detection Method Principle Advantage Disadvantage 
Capillary Electrophoresis (CE) 
 
 
Detection (UV/Vis, Fluorescence) 
based on the electrophoretic 
mobility of the analyte in an 
electrolyte solution under a certain 
voltage inside a capillary tube125. 
 
 
Versatile and may be used in tandem 
with other techniques126. 
Portable versions are 
complex to design and 
manufacture and have 
inferior performances 
than other 
methods127. 
 
Radiochemical Techniques 
 
 
Radiochemical detection through 
neutron activation analysis3. 
Extremely sensitive technique135. 
Limitations due to the 
requirements of 
expensive equipment 
and specialised 
personnel3. 
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All factors taken into consideration, the most promising detection methods for portable FIA 
are, in descending order of adequacy, the following: Luminescent detection methods 
(chemiluminescence, fluorescence and phosphorescence), liquid chromatography, and 
UV/Vis Spectrophotometry/Colorimetry. Besides portability, these methods were chosen 
based on their compatibility with the most promising extraction methods mentioned in 
Section 0, as well as their sensitivity, selectivity, ease of use, low need for maintenance and 
the use of reduced sample and solvent volumes. 
2.6 ON-SITE DETERMINATION  
The majority of the extraction and detection methods mentioned in Section 2.4 are limited to 
laboratorial analyses due to limitations in their transportation, preparation, reinstallation, 
and expert operation. However, in the case of environmental analyses, the real-time in-situ 
measurements are critical in obtaining accurate and rapid information69. 
FIA is a versatile enough technique to be coupled with diverse detection methods such as 
spectrophotometry7, fluorophotometry136, and chemiluminescence137–140 detection – 
promising analytical replacements for off-site analytical methods. 
2.6.1 FLOW INJECTION ANALYSIS (FIA) AND FIA-CHEMILUMINESCENCE (FIA-CL)  
FIA is a highly versatile analytical technique used for the analysis of chemical species in the 
liquid phase141–145. It is a quantitative analytical technique in which the target analytes are 
quantified  as a function of a change in a physicochemical property  upon reaction with a 
chemiluminogenic reagent in a dynamic flow system7,141. As a result, FIA systems may be 
adapted for the analysis of environmental, food and biological samples7,136,146–148.  
Techniques such as FIA-Chemiluminescence (FIA-CL)147 and FIA-Fluorescence (FIA-FL)117 are 
capable of achieving limits of quantification comparable to conventional analytical 
techniques such as CE, LC-MS and GC-MS138,149,150. 
2.6.1.1 MOST COMMON CL SYSTEMS 
The chemiluminescent reactions described in this section are applicable to pesticide and 
other environmental analyses.  
58 
 
Chemiluminescent reagents are selective to specific functional groups149 capable of emitting 
light of specific wavelengths151. The literature mentions the possibility of using 
chemiluminescent reactions involving reagents such as acidic potassium 
permanganate137,152,153, cerium (IV)149,154,155, 1,10-phenanthroline119,156, gallic 
acid/pyrogallol7,137,156, lucigenin120,151,157, manganese and 7,7,8,8-tetracyanoquinodimethane 
(TCNQ)7, fluorescein and quercetin150,158, periodate158, and peroxyoxalate159,160. Most of these 
reagents, however, have not yet been extensively utilised in pesticide analysis with FIA154. 
2.6.1.2 FIA-CL – OVERVIEW OF METHODS 
The choice of FIA-CL detection methods is dependent on the reactivity of the analyte in 
question. 
A considerable advantage of FIA-CL systems is the potential for the creation of tailor-made 
manifolds161 that are able to combine different reactant and carrier lines and the possibility 
of including features such as light sources for photoinduced CL149, different light sensors such 
as CCD, CMOS and PMTs162.  
Another advantage of FIA-CL is that besides being potentially portable, its design may 
incorporate an extraction method that is compatible with the reagents being utilised to 
increase sensitivity even further140. 
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Table 2.4: FIA-CL methods: application to pesticides. 
Method Chemiluminescent Reagent Pesticide 
Reported LOD 
(µgL-1) 
 
FIA-CL Chemical Oxidation 
 
Tris(2,2’-bipyridine) ruthenium (II) 
Carbaryl163 
Atrazine140 
12 
0.014 
 
 
 
 
FIA-CL Chemical Oxidation 
 
 
 
 
Luminol 
Diclorvos164 
Parathion165 
Monocrotophos166 
Chlorpyrifos167 
Ziram168 
Mancozeb168 
Propineb168 
Carbaryl169 
Carbofuran170 
0.8 
8 
7 
0.18 
2.0 
0.1 
0.5 
4.9 
20 
 
FIA-CL Chemical Oxidation 
 
Peroxyoxalate Carbaryl171 9 
 
FIA-CL Direct Oxidation 
Acidified potassium 
permanganate 
Asulam172 
Aldicarb173 
40 
0.069 
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Method Chemiluminescent Reagent Pesticide 
Reported LOD 
(µgL-1) 
 
 
FIA-PhCL Photochemical Oxidation 
 
 
Tris(2,2’-bipyridine) ruthenium (II) 
with peroxydisulfate 
Carbofuran174 
Promecarb174 
53 
85 
 
 
FIA-CL Immunoassays (FIIA-CL) 
 
 
Horseradish peroxidase labelled 
antibodies and luminol/p-
iodophenol 
Atrazine175 
Atrazine148 
2,4-Dichlorophenoxiacetic acid176 
0.006 
0.033 
4 
 
 
FIA-CL Immunoassays (FIIA-CL) 
 
 
Acetylcholinesterase and 
luminol/peroxidase 
Paroxon177 125 
 
FIIA-CL-ELISA Electrochemiluminescence 
(FIIA-ELISA-ECL) 
Glucose oxidase/ELISA/luminol Atrazine178 0.1 
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Method Chemiluminescent Reagent Pesticide 
Reported LOD 
(µgL-1) 
 
 
MIP-FIA-ELISA-CL 
 
 
Tobacco peroxidase/luminol 2,4-Dichlorophenoxiacetic acid179 0.005 
 
 
FIIA-Immunosensor 
 
 
Horseradish peroxidase/ 
luminol/p-iodophenol 
Atrazine175 0.8 
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Table 2.4 shows 16 pesticides that have been successfully trialled with FIA systems achieving 
detection limits of the order of µgL-1 as required for catchment-to-consumer monitoring. 
Other common pesticides such as, ametryn180, chlorphorpham138, dichloro-diphenyl-
trichloroethane (DDT) and related compounds181, dichlorprop methyl ester182, dodemorph183, 
glyphosate184, isocarbophos185, mancozeb168, parathion165, propham186, propoxur187, 
simazine140, terbuthylazine188 and ziram168 have also shown emission with a 
chemiluminescent reagent and are possibly also detectable through FIA. 
2.6.1.2.1 TRIS(2,2′-BIPYRIDINE) RUTHENIUM (II) REACTION 
Tris(2,2′-bipyridine)ruthenium(II), [Ru(bipy)3]2+, has attracted much attention as a sensitive 
and selective CL reagent in analytical chemistry119,156,189–193 and due to their ubiquity have 
been chosen for the proposed system. The reactive oxidised form [Ru(bipy)3]3+ may be 
prepared from [Ru(bipy)3]2+ via chemical194, photochemical156, and electrochemical 
oxidation195. Ru(bpy)32+ is the most studied and exploited inorganic compound used in 
electrogenerated chemiluminescence (ECL) and extensive reviews have summarized its 
analytical usefulness156,196–198. 
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2.7 MINIATURISED FIA-CL DETECTION  
The accuracy and limit of quantification of FIA systems relies on physicochemical 
measurements obtained throughout the length of a reaction coordinate, ie. 
before/during/after equilibrium conditions are reached during the contact time between 
reagent and sample mixing9. 
In the case of chemiluminescent reactions, reaction timescales are extremely fast119 and, as 
such, detection of the chemiluminescent signal is maximised during sample-reagent mixing. 
The design of conventional FIA systems does not address the analytical requirements of 
chemiluminescent analyses as the detector in these systems is usually placed past the 
reaction coil so as to capture a permanent, long-lasting physicochemical change after sample-
reagent mixing199. 
The reduction in sample volumes brought by miniaturisation has a direct impact on the 
sample-reagent mixing in miniaturised systems, especially if detection relies on passive mixing 
as chemical reactions are diffusion-limited at the microscale200. At this scale, molecular 
diffusion is driven by differences in concentration and increases when the contact surface of 
the two liquids increases through mixing201. 
In order to overcome these shortcomings, conventional FIA-CL systems reliant on passive 
sample-reagent have incorporated passive mixing strategies such as serpentine 
channels202,203 and flow obstructions204 to increase the rate of reaction despite their lower 
mixing efficiencies202, longer residence times202,205, larger associated pressure drops203 and 
fabrication complexities202 compared to their active counterparts206.  
This has primarily been due to the lack of an efficient active micromixer/micromixing scheme 
to date that can be easily integrated into portable systems199. 
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2.8 MICROMIXERS 
In general, micromixers can be divided in two major classes: passive mixers, which rely on 
their intrinsic energy or pumping power to achieve diffusion or chaotic advection, or active 
mixers, which rely on the provision of external energy or disturbances to achieve mixing204.  
Mixing is achieved when velocity and pressure vary randomly in time and space through 
splitting, stretching, folding of the two liquids thus originating turbulence207. The operating 
parameters that determine the mixing quality are the Reynolds, Peclet and Strouhal numbers, 
which represent the ratios between momentum and viscous friction, mass transport due to 
convection and diffusion, and residence time and mixing interval, respectively204. 
2.8.1 ACTIVE MIXING 
External energy sources or disturbances used to achieve active micromixing include 
ultrasound208, acoustic209–213, bubble-induced vibrations214,215, electrokinetic instabilities216, 
periodic variation of flow rate10,217,218, electrowetting-induced merging of droplets219, 
piezoelectric vibrating membranes220, magneto-hydrodynamic action221, small impellers222, 
integrated microvalves/pumps223. 
2.8.1.1 SURFACE ACOUSTIC WAVE (SAW) MIXING 
The development of an FIA-CL micromixer for a portable FIA-CL system must take into 
consideration various factors such as high mixing efficiency and visibility, size and dimensions 
compatible with the detector, continuous flow capabilities, fast analysis and low residence 
times, low maintenance and compatibility with the chemical reactions199. 
Surface Acoustic Wave (SAW) mixing is an active mixing method which addresses all the 
aforementioned factors with the additional advantages of precision fluid manipulation224. 
SAW micromixing is the result of the propagation of nanometric electroelastic waves on the 
surface of a piezoelectric substrate which, when transferred to the liquids in contact with the 
substrate, propagate acoustic radiation forces initiating acoustic streaming225. 
Figure 2.1 below illustrates the fluid-structural coupling when the acoustic energy of the SAWs 
diffracts into the edge of the drop at the Rayleigh angle, which is a function of the sound 
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velocity on the substrate and in the liquid. Two schematics (a) and (b) are followed by a picture 
showing recirculation in a droplet being deformed at the Rayleigh angle (c): 
 
Figure 2.1: SAW propagation mechanism driving acoustic streaming(a) Schematic depiction of a liquid drop 
placed on the substrate in the propagation pathway of the SAW. (b) Due to the different sound velocities in 
the substrate and in the liquid phases, the SAW energy leaks into the drop at a specific angle, the Rayleigh 
angle θR, as it comes into contact with the drop. This gives rise to bulk liquid recirculation (acoustic 
streaming) within the drop and a body force on the drop itself in the SAW propagation direction. (c) The 
body force on the drop causes the drop to deform into an axisymmetrical conical shape whose trailing edge 
leans at the Rayleigh angle and subsequently to translate across the substrate225. 
Figure 2.2 depicts the direction of SAW propagation along the surface of the substrate and 
shows the typical size of the SAW substrate and power supply used to drive microfluidics 
which can be fitted into a handheld device225. 
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Figure 2.2: The portability of SAW devices (a) Schematic depiction of a SAW propagating on the surface of a 
piezoelectric substrate. Note the localization of the Rayleigh wave on the surface, which decays 
exponentially into the substrate such that the motion is negligible at a depth of 4–5 SAW wavelengths into 
the substrate. (b) Image of the SAW device consisting of the piezoelectric substrate on which the SAW 
propagates, (c) the portable power supply used to generate the SAW, and, (d) the interdigitated transducers 
(IDTs) patterned onto the piezoelectric substrate225  
SAW devices have been used for decades for signal processing and bandpass filtering in 
telecommunications have been commonly used for decades, although not for microfluidic 
actuation. Soon after a convenient method for generating them was discovered226, SAWs 
have since been employed in the telecommunications industry for signal processing and 
bandpass filtering227. In fact, there are, on average, four SAW devices in every mobile 
phone228. Other applications for SAWs are found in automotive windscreen raindrop sensors, 
touch sensitive screens, and chemical/biological sensors225. 
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The SAW device shown in Figure 2.2 consist of a lithium niobate (LiNbO3)piezoelectric crystal 
substrate featuring interdigitated transducers (IDTs) microfabricated using sputter-deposited 
aluminium electrode pairs.225 Advancements in nanofabrication technology will allow SAW 
devices to be fabricated using standard ultraviolet photolithography and wet etch techniques 
with more precision at relatively low-cost.213  
Auxiliary instrumentation to generate SAWs includes a signal generator and a power amplifier 
to apply an oscillating electrical signal at the resonant frequency (Radio frequency, Rf) of each 
device.227 
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2.9 CONCLUSION 
The development of a sensitive, selective and accurate portable instrument for real-time 
pesticide monitoring in situ is a necessity to enable efficient catchment-to-consumer 
monitoring, rapid response to pollution events and tracking of pollution sources in natural 
waters. 
The ideal portable instrument will be sensitive and selective enough to dispense the need for 
sample preconcentration. However, given the complexity of sample matrices and the 
limitations of detection methods, it is likely that the ideal instrument will incorporate a highly 
selective preconcentration system, such as MIP-MSPE or SPE on-line with luminescence-
based detection. 
One suitable analytical technique that suits these requirements is FIA-CL in which a 
chemiluminescent reagent reacts with a chemiluminogenic analyte. However, the 
conventional design of FIA instrumentation does not favour the reaction kinetics/reaction 
times of chemiluminescent reactions as, in these systems, the detector is located past a 
mixing coil. 
In the case of chemiluminescent reactions, the detector should be placed in contact with the 
mixing regime, be it a coil or a chamber, in order to capture the light emitted by the 
chemiluminescent reaction in real-time. In addition, the ideal mixing scheme should 
incorporate an efficient miniaturised mixing system to enhance the yield of the 
chemiluminescent reaction in front of the detector as passive sample-reagent mixing is 
inefficient at the microscale. 
The system should be equipped with an efficient, light and transparent active mixing system 
or micromixer placed in close contact with an efficient photodetector for sensitive, fast, and 
accurate detection with high reaction yields, and fast analysis times. 
In this project, a SAW Micromixer is designed, fabricated, optimised and trialled as a potential 
solution to the issues explored in this chapter.  
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determination of carbaryl using photolytic decomposition and photogenerated tris (2, 
2′-bipyridyl) ruthenium (III). Analytica Chimica Acta 476, 141–148 (2003). 
 
164. Wang, J., Zhang, C., Wang, H., Yang, F. & Zhang, X. Development of a luminol-based 
chemiluminescence flow-injection method for the determination of dichlorvos 
pesticide. Talanta 54, 1185–1193 (2001). 
 
82 
 
165. Liu, X., Du, J. & Lu, J. Determination of parathion residues in rice samples using a flow 
injection chemiluminescence method. Luminescence 18, 245–248 (2003). 
 
166. Du, J., Liu, X. & Lu, J. Determination of monocrotophos pesticide by flow injection 
chemiluminescence method using luminol-hydrogen peroxide system. Analytical 
Letters 36, 1029–1038 (2003). 
 
167. Song, Z., Hou, S. & Zhang, N. A new green analytical procedure for monitoring sub-
nanogram amounts of chlorpyrifos on fruits using flow injection chemiluminescence 
with immobilized reagents. Journal of Agricultural and Food Chemistry 50, 4468–4474 
(2002). 
 
168. Kubo, H., Tsuda, Y., Yoshimura, Y., Homma, H. & Nakazawa, H. Chemiluminescence of 
dithiocarbamate fungicides based on the luminol reaction. Analytica Chimica Acta 494, 
49–53 (2003). 
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3 DEVELOPMENT OF PORTABLE AND SENSITIVE FIAS OR µTAS 
3.1 OVERVIEW 
Chapter 2 introduced SAW-driven active micromixing as a promising solution to the 
microfluidic and microanalytical challenges originated from instrumental miniaturisation. 
The proposed FIAS or µTAS described in this chapter incorporate the use of SAW-driven active 
micromixing coupled with sensitive chemiluminescent detection as a means to overcome 
microfluidic and microanalytical sensitivity limitations.  
Different from conventional FIAS in which sample and reagent mixing occurs in a reaction coil 
made of flexible tubing, the proposed instrument features a 100 µL mixing chamber equipped 
with a SAW generator. This SAW-equipped mixing chamber, referred to as the SAW 
Micromixer from hereon, enhances the reaction yield and the microanalytical sensitivity by 
promoting active micromixing directly in front of a sensitive photodetector. 
This chapter divides the description of the instrumental development into four categories: 
 
Each category describes the development of the instrument components in chronological 
order – from inception to fully functional operation.  
Design
Fabrication
Configuration
Operation
• SAW Device
• Mixing Chamber
• SAW Micromixer
• SAW Device
• Mixing Chamber
• SAW Micromixer
• Hardware
• Software
• Hardware
• Software
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3.2 METHODOLOGY 
The instrumental development followed a progressive timeline based on the evaluation of 
the performance of the SAW Micromixer under different experimental configurations and 
reaction conditions as shown in Figure 3.1.  
 
Figure 3.1: Methodology timeline. 
The first and second experimental configurations employed image analysis as a method to 
characterise the mixing regime in the SAW Micromixer. These two experiments aided in 
optimising parameters such as the flow rate, the orientation of the inlets and outlet relative 
to the direction of propagation of the SAWs, as well as the shape of the micromixer chamber.  
The third and fourth experimental configurations utilised sensitive photodetection as a 
method to quantify the enhanced chemiluminescent yield achieved with the SAW 
Micromixer. The degree of analytical sensitivity attained through the third experiment aided 
in the identification and troubleshooting of sources of variability in the system. 
  
Characterising 
micromixing through 
image analysis: 
Fluorescence
Characterising 
micromixing through 
image analysis: 
Chemiluminescence
Optimising 
micromixing through 
photodetection: 
Chemiluminescence
Microanalysis through 
photodetection: 
Chemiluminescence
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3.3 INSTRUMENTAL DESIGN 
The instrumental design was based on on a conventional FIA system – the main difference 
being the replacement of the conventional “Reaction coil” with a “SAW Micromixer” chamber 
as schematised in Figure 3.2. 
 
Figure 3.2: Schematic of the instrumental design – Conventional FIA versus Microfluidic FIA. 
As shown in Figure 3.2, the design of a conventional FIA system comprises a peristaltic pump, 
three lines of flexible tubing (reagent, carrier and sample), a sample loop and valve, a reaction 
coil and a detector. As discussed in Chapter 2, conventional FIA systems rely on a reaction coil 
to mix reagent and sample. This instrumental configuration, however, limits the analytical 
sensitivity of conventional FIA systems as mixing in the reaction coil may be incomplete and 
result in low reaction yields while chemically unstable analytes may decay while still in the 
reaction coil and fail to be subsequently detected when passing the detector. 
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In order to overcome these limitations and increase the analytical sensitivity of the system, 
the proposed microfluidic FIA couples a SAW Micromixer chamber to a detector for 
simultaneous mixing and detection – see Figure 3.2. This novel feature allows real-time 
monitoring of entire chemical reactions, including the detection and quantification of reaction 
intermediates and chemically unstable species. 
In this design, sample and reagent constantly flow through the SAW Micromixer and are 
subjected to a series of unmixed and mixed conditions. In the unmixed condition, the SAW 
Micromixer is switched off and thus the boundary reaction between reagent and sample is 
diffusion-limited and serves as a baseline for analysis. In the mixed condition the SAW 
Micromixer is switched on and hence the reaction between reagent and sample is significantly 
higher than the baseline and constitutes a quantifiable signal. As a result, the system 
alternates between multiple unmixed (baseline) and mixed conditions (peak) for precise 
quantification of the chemiluminogenic analyte with and without SAW micromixing. 
In this system the ability to control micromixing using the SAW Micromixer dispenses with 
the need for a carrier solution, sample loop and injection valve altogether. The proposed 
system utilises a peristaltic pump, flexible tubing for reagent and sample, a SAW micromixer 
and a highly sensitive photodetector, see the Microfluidic FIA schematic shown in Figure 3.2. 
This design favours the continuous analysis of surface waters when the sample quantity is not 
an issue – natural water– flows through the SAW Micromixer in equal volumes without the 
need for preconcentration. The volume is controlled by pumping equal volumes of reagent 
and sample through the inlet lines.  
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3.3.1 SURFACE ACOUSTIC WAVE (SAW) MICROMIXER DESIGN 
The design of the SAW Micromixer consists of a SAW device made of piezoelectric crystal 
coupled to a mixing chamber as shown in Figure 3.3. Both components, SAW device and 
mixing chamber, were designed separately and then assembled after fabrication. The 
dimensions of the SAW Micromixer remained the same throughout the experiment. However, 
the design and manufacturing processes were gradually refined in order to increase 
experimental reproducibility between devices.  
 
Figure 3.3: 3D rendering of the mixing chamber (top), SAW device (bottom) and SAW Micromixer (right). 
3.3.2 SAW DEVICE DESIGN 
The design of the SAW device was optimised throughout the project in order to increase the 
reproducibility between SAW Micromixers. The initial design did not include guiding lines to 
align the mask features (IDT apertures) with the direction of SAW propagation in the crystal, 
see 3.3.2.1. Later in the project, guiding lines were added to the photolithography mask in 
order to precisely align the features with the direction of SAW propagation in the crystal, see 
3.3.2.2. In addition to these, other guiding lines were added to the photolithography mask in 
order to guide the precise positioning of the mixing chamber onto the SAW device.  
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3.3.2.1 SAW DEVICE DESIGN – VERSION I 
The SAW devices were designed using the microfabrication software called LayoutEditor 
(Juspertor UG, Open Source, Online) as shown in Figure 3.4. A photolithography mask was 
drawn to accommodate 14 identical SAW devices per lithium niobate wafer (4” wafer). Each 
SAW device contained two pairs of interdigital transducers, also referred to as IDTs. Each IDT 
consisted of a pair of 28 electrode fingers, each of 0.45 mm x 7.5 mm and a pair of electrode 
pads of 2.0 mm x 3.0 mm. The overall dimensions of each SAW device were 16.0 mm x 25.0 
mm, with a total working area of 181.44 mm2 (12.96 mm x 14.0 mm) and an aperture area of 
103.68 mm2 (8.0 mm x 12.96 mm). 
 
Figure 3.4: Version I of the photolithography mask for the design of 14 SAW devices without guiding lines. 
The red box shows an individual device with its two opposing IDTs. 
Photolithography masks were sent to CAD/Art Services Inc. (USA) for expert printing on 
transparency sheets. All features were printed in double polarity (bright and dark field) for 
use with positive or negative photoresist, emulsion side up, as shown in Figure 3.5. 
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Figure 3.5: Photolithography mask for the design of 14 SAW devices without guiding lines – Version I in 
double polarity for use with positive or negative photoresist. 
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3.3.2.2 SAW DEVICE DESIGN – VERSION II 
Following the design of Version I, Version II SAW devices were designed using the same 
microfabrication software and printing services as above (Figure 3.6 and Figure 3.7). Again, a 
photolithography mask accommodated 14 identical SAW devices per lithium niobate wafer 
(4” wafer). Each SAW device contained two pairs of IDTs and electrode pads of identical 
dimensions to those described in Version I, see Section 3.3.2.1.  
To maximise the performance and reproducibility between devices in Version II, guiding lines 
were added to the design to guide fabrication. In particular, peripheral lines were added to 
guide the alignment of the photolithography mask with the primary (1.0 mm x 32.0 mm, 
bottom) and secondary flats (1.0 mm x 14.0 mm, right-hand side) of the lithium niobate wafer 
in order to match the IDT orientation with the direction of SAW propagation of the crystal1. 
Minor guiding lines were also added to the edges of the working area (120 mm2) of the SAW 
devices in order to guide the alignment and placement of the mixing chamber on each device. 
The overall dimensions of each SAW device remained the same, with a reduction in the 
working area from 181.44 mm2 to 120 mm2 (10.0 mm x 12.0 mm) and the aperture area from 
103.68 mm2 to 80.0 mm2 (8.0 mm x 10.0 mm). 
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Figure 3.6: Version I of the photolithography mask for the design of 14 SAW devices with guiding lines (G).  
The red box shows an individual device with its two opposing IDTs. 
G 
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Figure 3.7: Photolithography mask for the design of 14 SAW devices with guiding lines – Version II in double 
polarity for use with positive or negative photoresist. 
G 
G 
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3.3.3 MIXING CHAMBER DESIGN 
The design and manufacture of the mixing chamber was improved throughout the project to 
increase the reproducibility between SAW Micromixers. Changes were made in order to 
standardise the dimensions, mass and volume of all chambers. Version I of the design utilised 
free-standing 3D printed moulds, as shown in 3.3.3.1, which resulted in significant 
dimensional inconsistencies as the casts had to be manually sliced from the molds at their 
approximate cuboidal boundaries. Version II of the design, shown in 3.3.3.2, addressed these 
inconsistencies by including containment walls and hence eliminating the need for slicing. 
3.3.3.1 MIXING CHAMBER DESIGN – VERSION I 
The mixing chambers were designed using 3D CAD design software (SolidWorks and Autodesk 
Inventor Professional) for 3D printing. Version I of the chamber design consisted of a 150 mm2 
mold (10 mm x 15 mm) containing a central cylindrical extrusion with an approximate volume 
of 100 µL (8.0 mm ∅ x 2.0 mm height), which corresponded to the chamber itself. The top of 
the chamber was fitted with three posts: two adjacent inlets and one diametrically opposed 
(180°) outlet for tube fittings as shown in Figure 3.8. 
 
Figure 3.8: Rendering of the 3D printed Mixing Chamber Design – Version I. 
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3.3.3.2 MIXING CHAMBER DESIGN – VERSION II 
Following the design of Version I, Version II mixing chambers were designed using 3D CAD 
design software (SolidWorks and Autodesk Inventor Professional) for 3D printing.  
Version II of the mixing chamber design consisted of a 120 mm2 mold (10 mm x 12 mm) made 
to match the working area of Version II of the SAW device design described in 3.3.2.2. 
As shown in Figure 3.9, Version II featured containment walls in the form of peripheral 
extrusions (0.6 mm thickness) to facilitate precise casting and accurate positioning on the 
SAW device. The design included slits at the edges of the mold in order to enable multiple 
even casting as will be described in 3.4.1.2.2. 
Similarly to Version I, the center of the mold contained a cylindrical extrusion with an 
approximate volume of 100 µL (8.0 mm ∅ x 2.0 mm height). The top of the chamber was fitted 
with three posts for tube fittings: two adjacent inlets and one diametrically opposed outlet. 
 
Figure 3.9: Rendering of the 3D printed Mixing Chamber Design - Version II. 
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3.4 INSTRUMENTAL FABRICATION 
3.4.1 SURFACE ACOUSTIC WAVE (SAW) MICROMIXER FABRICATION 
The microfabrication techniques employed in the manufacturing of the SAW Micromixer 
remained the same throughout the experiment, with minor adjustments made to the 
dimensions and positioning of the mixing chamber as outlined in 3.3.2.2 and 3.3.3.2. 
3.4.1.1 SAW DEVICE FABRICATION 
The SAW devices were fabricated in clean rooms located either at The Melbourne Centre for 
Nanofabrication (MCN) in Clayton, the Microelectronics and Materials Technology Centre 
(MMTC) at RMIT University or the Micro Nano Research Facility (MNRF) also at RMIT 
University.  
Two different microfabrication methods were employed to manufacture the SAW devices: 
Method I (Etching) and Method II (Lift-off) as will be described in 3.4.1.1.1 and 3.4.1.1.2, 
respectively.  
Methods I and II produced SAW devices of identical quality and were employed depending on 
the availability of methods at each laboratory at either RMIT University or at the MCN, with 
differences in performance being attributable to the different design features of Versions I 
and II of the SAW Device Design.  
Method I was utilised to fabricate Versions I and II of the SAW Device Design, whereas Method 
II was only used to manufacture Version I – see Figure 3.10 and Figure 3.11 for renderings of 
the SAW device Design Version I and Version II, respectively. 
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Figure 3.10: Rendering of the fabricated SAW Device Design – Version I. 
 
 
Figure 3.11: Rendering of the fabricated SAW Device Design – Version II. 
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3.4.1.1.1 SAW DEVICE FABRICATION – METHOD I 
In the etching procedure, double polished single crystal lithium niobate wafers (4” ∅) in a 
127.68° Y-rotated, X-propagating cut (Roditi International Corp., London, UK) were cleaned 
with acetone and isopropanol, dried with nitrogen gas and sputter-coated with a 1 µm layer 
of chromium : aluminium metal (1% Cr : 99% Al) using a sputter-coater (RF/DC Sputter System, 
Anatech Hummer BC-20, Anatech, USA).  
The sputtered wafers were cleaned using acetone, isopropanol and nitrogen gas and spun-
coated with maximum contrast positive photoresist AZ1512 (MicroChemicals GmbH, Ulm, 
Germany) using a spin-coater (Karl Suss CT-62, Garching, Germany) in two cycles (300rpm, 
100 rpm/s for 4 seconds, followed by 3000rpm, 300 rpm/s for 30 seconds). The spun-coated 
wafers were soft-baked on a hot plate (CAT Scientific, CAT MCS 66, Paso Robles, CA, USA) at 
90°C for 1 minute.  
After cooling down to room temperature, the soft-baked wafers were carefully placed on the 
loading tray of the mask aligner (EVG 620 Automated Mask Alignment System, Florian am Inn, 
Austria) with the direction of the X-propagating cut aligned with the direction of SAW 
propagation in the photolithography mask.  
The photolithography mask (bright field) was cleaned using isopropanol and nitrogen gas and 
loaded into position onto the vacuum chuck. Both the wafer and the mask were locked into 
its respective vacuum chucks and carefully aligned into position prior to UV exposure. 
Exposure was set to hard contact in order to maximise the fidelity of the features to be 
transferred from the mask (emulsion side down) onto the photoresist. The UV exposure time 
was set to a total of 5 seconds.  
After UV exposure, the wafers were developed using a mixture of photoresist developer 
AZ400K (Clariant, Sommerville, NJ, USA) and deionised water (1 AZ400K : 4 DI water) in a 
shallow beaker. The wafers were immersed in the colourless developer solution and stirred 
using plastic tweezers until a red colour developed.  The wafers were then stirred for an 
additional 10 seconds to allow the full removal of uncured photoresist – red colour – and 
subsequently placed in a clean, deionised water bath. 
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Following development, the wafers were air-dried using nitrogen gas and post-baked at 95°C 
on a hot plate (CAT Scientific, CAT MCS 66, Paso Robles, CA, USA) for 1 minute prior to 
chemical etching. 
Excess aluminium etchant (1-5% nitric acid : 65-75% phosphoric acid : 5-10% methanol : 10-
30% water, MMTC Clean Room, RMIT University) was placed in a shallow glass beaker and 
heated up to 40°C on a hot plate (Heidolph, Schwabach, Germany) to facilitate the chemical 
etching of the exposed metallic features. The developed and post-baked wafers were placed 
in the etchant bath and stirred using plastic tweezers and lint-free clean room wipes (High-
Tech Conversions, Enfeld, CT, USA) until the exposed metallic features visibly dissolved into 
solution. Once there was an obvious change in the colour of the metallic features, the wafers 
were rinsed with deionised water and placed on a second bath containing excess chromium 
etchant (10% ceric ammonium nitrate : 5% perchloric acid : 85% water, MMTC Clean Room, 
RMIT University). Once again the wafers were stirred in solution using plastic tweezers until 
the thin chromium layer visibly dissolved into solution. The wafers were then immediately 
rinsed with deionised water once the clear double polished lithium niobate crystal was visible 
around the cured features.  
Once the etching process was finalised, the wafers were air-dried using nitrogen gas and diced 
or cut into individual SAW devices using an automatic dicer (Disco DAD 320, Tokyo, Japan).  
Each device was then cleaned using acetone, isopropanol and air-dried with nitrogen gas prior 
to plasma enhanced chemical vapour deposition (PECVD). 
The central working area of each SAW device and its interdigitated electrodes were then 
coated with a 1 µm layer of silicon dioxide using PECVD (Plasmalab System 100, Oxford 
Instruments, Abingdon, UK). The silicon dioxide layer aided in the electrical insulation of the 
interdigitated electrode fingers and facilitated the subsequent plasma-assisted bonding of the 
central working area of the device to the mixing chamber. 
Each wafer resulted in a total of 14 identical SAW devices. After fabrication, all interdigital 
transducers were examined under the microscope (Olympus SZ51, Tokyo, Japan) to ensure 
that there had been no over-etching, under-etching or short-circuiting of the 
photolithographed features.  
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Finally, the resonant frequency of each SAW device was determined using an impedance or 
Vector Network Analyser (VNA) (R&S ZNB4 Vector Network Analyzer, Rohde & Schwarz, 
Munich, Germany). Resonant frequencies ranged between 19.00 MHz to 22.00 MHz for each 
device. 
3.4.1.1.2 SAW DEVICE FABRICATION – METHOD II 
In the lift-off procedure, double polished single crystal lithium niobate wafers (4” ∅) in a 
127.68° Y-rotated, X-propagating cut (Roditi International Corp., London, UK) were piranha-
cleaned (3 H2SO4 : 1 H2O2) for 20 minutes and rinsed with water and isopropanol.  
The wafers were then dried with nitrogen gas and spun-coated with a 6 µm layer of maximum 
contrast positive photoresist AZ4562 (MicroChemicals GmbH, Ulm Germany) using a spin-
coater (Karl Suss CT-62, Garching, Germany) in two cycles (300rpm, 100 rpm/s for 4 seconds, 
followed by 3000rpm, 300 rpm/s for 30 seconds). The spun-coated wafers were soft-baked 
on a hot plate (CAT Scientific, CAT MCS 66, Paso Robles, CA, USA) at 90°C for 2 minutes and 
allowed to cool for the next 10 minutes.  
After cooling down to room temperature, the wafers were placed on the loading tray of the 
mask aligner (EVG 620 Automated Mask Alignment System, Florian am Inn, Austria) with the 
direction of the X-propagating cut aligned with the direction of SAW propagation in the 
photolithography mask.  
The photolithography mask (dark field) was cleaned using isopropanol and nitrogen gas and 
loaded into position onto the vacuum chuck. Both the wafer and the mask were locked into 
its respective vacuum chucks and carefully aligned into position prior to UV exposure. 
Exposure was set to hard contact in order to maximise the fidelity of the features to be 
transferred from the mask (emulsion side down) onto the photoresist. The UV exposure time 
was set to a total of 5 seconds (150 mJ cm-2).  
After UV exposure, the wafers were developed using a mixture of photoresist developer 
AZ400K (Clariant, Sommerville, NJ, USA) and deionised water (1 AZ400K : 4 DI water) in a 
shallow beaker. The wafers were immersed in the colourless developer solution and stirred 
using plastic tweezers until a red colour developed.  The wafers were then stirred for an 
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additional 10 seconds to allow the full removal of uncured photoresist – red colour – and 
subsequently placed in a clean deionised water bath. 
The wafers were then dried with nitrogen gas and placed into a sputter-coater (RF/DC Sputter 
System, Anatech Hummer BC-20, Anatech, USA) and metallised with five sequential layers of 
chromium and gold (5nm Cr : 175 nm Au) at pressures lower than 10-6 Torr.  
After sputter-coating, each wafer was sonicated in an acetone bath for approximately 20 
minutes, followed by five minute baths of acetone and isopropanol until the photoresist fully 
lifted off from the substrate. Once visibly clear, the wafers were dried with nitrogen gas and 
re-coated with a layer of the same photoresist prior to dicing or cutting into individual SAW 
devices using an automated dicer (Disco DAD 320, Tokyo, Japan).  Each device was then 
cleaned using acetone, isopropanol and air-dried with nitrogen gas prior to plasma enhanced 
chemical vapour deposition (PECVD). 
The central working area of each SAW device and its interdigitated electrodes were then 
coated with a 1 µm layer of silicon dioxide using PECVD (Plasmalab System 100, Oxford 
Instruments, Abingdon, UK). The silicon dioxide layer aided in the electrical insulation of the 
interdigitated electrode fingers and facilitated the subsequent plasma assisted bonding of the 
central working area of the device to the mixing chamber. 
Each wafer resulted in a total of 14 identical SAW devices. After fabrication, all interdigital 
transducers were examined under the microscope (Olympus SZ51, Tokyo, Japan) to ensure 
that there had been no leftover photoresist or lifting of the photolithographed features.  
Also, a resistance test was performed with at least one of the 14 SAW devices using regular 
sticky tape adhered to the features to test the adherence of the metal to the substrate. Rapid 
removal of the tape without any visible removal of the features confirmed a successful 
photolithography procedure.  
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3.4.1.2 MIXING CHAMBER FABRICATION 
Each chamber was designed using 3D CAD design software as described in 3.3.3.1 and 3.3.3.2 
and the 3D printed masters served as a the negative or cast for the cavity and base of each 
chamber – see Figure 3.8 and Figure 3.9. 
The chamber molds were fabricated using a 3D printer (Objet Eden 60V, Stratasys Ltd., 
Rehovot, Israel) and subsequently cast in polydimethylsiloxane (PDMS). The support material 
was manually removed from each mould using a jet of pressurised water at the MCN 
laboratory and subsequently cleaned at RMIT University by soaking in 2 M sodium hydroxide 
(Sigma-Aldrich, Australia) solution for 24 hours. Each mold was then repeatedly washed with 
ultrapure water until no trace of the support material was visible and subsequently air-dried 
using nitrogen gas. 
Prior to casting the cylindrical chambers, the inlet and outlet posts on each mold were fitted 
with 2.5 mm segments of flexible silicone tubing (0.02" ID, 0.05" OD; Gecko Optical, 
Joondalup, WA, Australia). Once the tube fittings were in place, the masters were placed on 
a disposable plastic petri dish (Sterilin Standard 90 mm Petri Dishes, Cambridge, England) for 
casting.  
The PDMS was prepared by mixing 10 parts of pre-polymer : 1 part of curing agent (Sigma-
Aldrich Pty. Ltd, Castle Hill, NSW, Australia) in a disposable plastic cup by either using a 
wooden spatula (Wooden Tongue Depressor, Livingstone, Rosenbery, NSW, Australia) at 
RMIT University or a PDMS planetary centrifugal mixer (THIKY ARE-250 Mixer, Oxfordshire, 
England) at the Melbourne Centre for Nanofabrication (MCN).  
The PDMS mixture was degassed in a vacuum desiccator (Scilabware, Staffordshire, England) 
and poured over the molds to a maximum height of 5 mm. The petri dish was fitted with its 
original lid and placed in the oven (Gallenkamp, Germany) to cure at 65°C for two hours. Each 
batch of chambers was allowed to reach room temperature in their respective petri dishes 
after curing. The PDMS casts were removed from the moulds immediately prior to plasma 
treatment in the clean room. 
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3.4.1.2.1 MIXING CHAMBER FABRICATION – VERSION I 
Version I chambers were removed from the petri dishes by manually slicing around the mold 
periphery using a single-edged razor blade (Stanley Hand Tools, Towson, MD, USA). This 
resulted in chambers of different sizes and dimensions as the cuboidal boundaries may have 
been manually cut at imperfect angles, see Figure 3.12. Version I chamber inlets and outlet 
were fitted with microbore PTFE tubing (0.012” ID, 0.030” OD, Cole-Parmer Instrument Co., 
USA) connected to lengths of approximately 50 cm of flexible PVC tubing (0.04” ID, 0.08” OD; 
Ormantine Ltd. Palm Bya, USA). 
 
 
Figure 3.12: Rendering of the fabricated Mixing Chamber – Version I. 
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3.4.1.2.2 MIXING CHAMBER FABRICATION – VERSION II 
The dimensional inconsistencies of Version I of the mixing chamber design were later 
addressed in the Mixing Chamber Design – Version II with the construction of containment 
walls in order to eliminate the need for slicing as discussed in 3.3.3.2. This proved to be a 
more consistent fabrication method to produce chambers of identical dimensions as shown 
in Figure 3.13. Version II chamber inlets and outlet were fitted with microbore PEEK tubing 
(0.009” ID, 0.03125” OD, LabSmith, USA) connected to lengths of approximately 50 cm of 
flexible PVC tubing (0.04” ID, 0.08” OD; Ormantine Ltd. Palm Bya, USA). 
 
 
Figure 3.13: Rendering of the fabricated Mixing Chamber – Version II 
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3.4.1.3 SAW MICROMIXER FABRICATION  
The SAW Micromixers were fabricated in the clean room. Each SAW Micromixer was 
assembled by permanently bonding a SAW device to a PDMS chamber using plasma 
treatment, pressure and thermal bonding. The procedure was the same for all devices and 
chambers, Versions I and II. 
Prior to plasma treatment and bonding, each SAW device was cleaned using acetone and 
isopropanol and air-dried with nitrogen gas.  The PDMS chambers did not require cleaning as 
they were removed from their 3D printed moulds immediately before plasma treatment. All 
steps were performed in the clean room using plastic tweezers for manipulation. 
Sets of one SAW device and one PDMS chamber were placed side by side on the plasma 
treatment tray with their intended bonding surfaces exposed to the atmosphere. The tray 
was placed in the plasma cleaner system (Harrick Plasma, Ithaca, NY) and the vacuum was set 
to 400 mTorr with the plasma intensity set to “High” for 90 seconds using atmospheric air as 
the gas source.  
Once the exposure time elapsed, the plasma and vacuum pump were switched off and the 
chamber pressure equilibrated with the atmospheric pressure. The treatment tray was 
removed from the chamber and, using plastic tweezers to manipulate the PDMS chamber 
over the working surface of the SAW device, both treated surfaces were aligned and pressed 
into contact immediately as shown in Figure 3.12 and Figure 3.13. Manual pressure was 
applied evenly over the PDMS chamber using plastic tweezers for 1 minute. The SAW 
Micromixer was then placed on a hotplate (Heidolph, Schwabach, Germany) at 65°C for 15 
minutes.  
Finally, the quality and strength of the bond were visually and manually tested.  A visual 
assessment with the naked eye should show no air gaps or air bubbles between the two 
bonded surfaces and a manual stress test should reveal whether all edges of the PDMS 
chamber thoroughly bonded to the SAW device. 
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3.4.1.3.1 SAW MICROMIXER FABRICATION – VERSION I 
 
Figure 3.14: Rendering of the fabricated SAW Micromixer – Version I. 
3.4.1.3.2 SAW MICROMIXER FABRICATION – VERSION II 
 
Figure 3.15: Rendering of the fabricated SAW Micromixer – Version II. 
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3.5 INSTRUMENTAL CONFIGURATION 
As discussed in Section 3.3, the proposed instrumental configuration incorporated a SAW 
Micromixer placed above the photodetector for instantaneous detection upon mixing.  
Figure 3.16 depicts an exploded view of the core instrumental configuration comprising a 
SAW Micromixer placed on top of a transparent microscope slide (Knittel Gläser, Germany) 
fixed onto a metallic platform (Thorlabs, USA) using tape (Scotch 3M, USA). The purposefully 
designed 8.0 mm ∅ SAW Micromixer chamber was aligned with the 8.00 mm ∅ photodetector 
cell through a 1.0 mm ∅ hole in the metallic platform for maximised detection. The distance 
between the photodetector cell and the bottom of the chamber was fixed at 2.5 mm. 
Electrical probes (MNRL 3D Printed, RMIT University) were magnetically adhered to the 
metallic platform to further fix and power the SAW Micromixer. 
 
Figure 3.16: Rendered exploded view of the core instrumental configuration. 
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3.5.1 HARDWARE CONFIGURATION 
The core hardware configuration comprised of the SAW Micromixer closely coupled to the 
photodetector as depicted in Figure 3.17.  
  
Figure 3.17: Rendering of the core components of the instrument and their connections. 
The SAW Micromixer was powered by a pair of electrical probes designed at the MNRL and 
3D printed in the same laboratory (MakerBot Replicator 3D, USA), see Figure 3.18. Each SAW 
Micromixer required two probes for each set of IDTs. The probes were fitted with 1.0 mm ∅ 
magnets (Rare Earth Magnet – Small, Jaycar, Australia) using super glue (3 Second Super Glue, 
Jaycar, Australia). Each probe was threaded with 150.0 mm of red or blue wire (Kynar Wire, 
AWG30, Jaycar, Australia) and the wire soldered to a pogo pin probe (Gold P50-B1, Digole, 
China) at the tip of the 3D printed material. The loose end of the wire was soldered onto a 
female Bayonet Neill-Concelman (BNC) connector (BNC Plug Adaptor, Jaycar, Australia). 
Electrical Probes 
Microscope Slide Photodetector 
Outlet 
Inlets 
SAW Micromixer 
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Figure 3.18: Rendering of the electrical probe used to power the SAW Micromixer. 
The photodetector of choice was a photomultiplier tube (Metal Package H10721 Series, 
Hamamatsu, Japan) remotely powered by an analog-to-digital converter (ADC) (NI-USB 6008, 
National Instruments Corp., USA), as shown in Figure 3.19. 
 
Figure 3.19: Photomultiplier tube configuration. 1 = Photomultiplier tube, 2 = ADC, 3 = Resistor. 
The ADC also performed data acquisition as it acquired and processed the analog signal from 
the photomultiplier tube into a readable digital signal for analysis through a virtual instrument 
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in LabVIEW (National Instruments Corp., USA). In addition, the sensitivity of the 
photomultiplier tube was also remotely adjusted through LabVIEW, see Section 3.6 for a 
detailed description of the process. 
The electrical configuration of the photomultiplier tube followed the voltage programming 
setting recommended by the manufacturer2. Figure 3.19 shows the hardware configuration 
of the photomultiplier tube and its connections to the analog ports of the ADC.  
The data acquisition (yellow, port +AI0 and –AI0/GND) was converted to a voltage with the 
use of a 120 kΩ resistor (Jaycar, Australia) in parallel. The photomultiplier tube was powered 
through the ADC (red, port AO0/GND) and the sensitivity adjusted through the ADC (grey, 
port AO1) using LabVIEW. The final core instrumental configuration is shown below in Figure 
3.2: 
 
Figure 3.20: Rendered schematic of the core components of the instrument. 
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The instrumental configuration shown in Figure 3.20 was fully contained in a dark instrument 
case (ABS Instrument Case with Purge Valve MPV1, Jaycar, Rydalmere, Australia) and isolated 
from light in order to avoid light interference during the analysis of chemiluminescent 
reactions.  
The purge valve orifice of the instrument case was modified and insulated with black electrical 
tape (Sellotape, UK) to permit the passage of inbound and outbound cables and tubing, 
namely the cables powering the electrical probes (Figure 3.21: orange, 3 → 4) and the 
photodetector (Figure 3.21: red, 6 → 5), the data output cable from the photodetector (Figure 
3.21: yellow, 5 → 6), and the extended inlet and outlet PVC tubing (Figure 3.21: not depicted).  
Figure 3.21 shows the full hardware configuration, including the electrical connections 
between instrument components:  
 
Figure 3.21: Hardware configuration showing all instrument components and electrical connections. 1 = 
Laptop, 2 = Signal Generator, 3 = Amplifier, 4 = Core Instrument (case not shown), 5 = Photomultiplier tube, 
6 = ADC, 7 = Peristaltic Pump, 8 = Magnetic Stirrer, 9 = Rubber Matt, 10 = Inverted Box.  
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The electrical probes were connected to a BNC male connector and cable (BNC to SMA Plug 
Cable, Jaycar, Australia) and finally connected to the amplifier (SHL-5W-1, Mini-Circuits, 
Brooklyn, NY, USA) using a SubMiniature Version A (SMA) adaptor and cable (Jaycar, Australia) 
(Figure 3.21: orange, 3 → 4). The amplifier was powered by an independent power supply (24 
V, DC 2.7A Desktop Power Supply, Powertech, USA) and connected to the signal generator 
(N9310, Agilent Technologies., Australia) (Figure 3.21: orange, 2 → 3).  
The ADC and signal generator were connected to the laptop (Dell XPS 12 Ultrabook, USA) via 
USB cables (Figure 3.21: green, 1 → 2 and 1 ↔ 6) for remote operation using LabVIEW, see 
Section 3.6 for more details.  
The instrument case (not shown in Figure 3.21) was placed on a rubber mat (Matpro 600 x 
900 mm Soft Step Mat, Bunnings, Australia) on top of the laboratory bench and covered by 
an inverted black plastic box (Handy Storage 54L Black Storage Crate W:422 mm x H:282 mm 
x L:656 mm, Bunnings, Australia) fitted with an outer rubber skirting (Black Rubber Sheets 2.5 
mm, Melbourne Artist’s Supply, Australia) held in place with black electrical tape.  
Together with the instrument case underneath the inverted box were also the ADC, a 
peristaltic pump (Ismatec IP-N 4 Channel, IDEX Health & Science GmbH, Wertheim, Germany) 
and a magnetic stirrer plate (Heidolph MR Hei-Standard, Germany). The magnetic stirrer plate 
served as a continuous stirrer for the catalytic regeneration of the chemiluminogenic reagent 
and, as such, remained insulated from light during the analyses.  
The magnetic stirrer and the peristaltic pump were powered individually and their operation 
was independent from the ADC and LabVIEW. All inbound cables used to power the peristaltic 
pump, magnetic stirrer, SAW Micromixer and photodetector were fitted through light-
insulated incisions on the rubber mat and held in place using electrical tape.  
Finally, reagent, waste and sample flasks (not depicted in Figure 3.21) were fitted with 
customised dark protective cylindrical covers made to scale (Black Laminate Sheets, 
Melbourne Artist’s Supply, Australia) and placed underneath the inverted box during the 
analyses. Also all the PVC tubing and fittings (inlets and outlet) as well as lit up LEDs from the 
pump, stirrer and analog-to-digital converter were covered in black electrical tape in order to 
avoid light interference. 
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3.5.2 SOFTWARE CONFIGURATION 
As mentioned in Section 3.5.1, LabVIEW was the software of choice to remotely control, 
acquire and process data from the system. This was achieved through the design of a virtual 
instrument capable of remotely controlling hardware, acquiring and processing data. 
LabVIEW enabled the design of a comprehensive and user-friendly virtual instrument through 
the use of intuitive icons and functions combined in an executable sequence. The virtual 
instrument consisted of a program that contained two main views: a block diagram 
(background) and a front panel (foreground).  
The block diagram contained a sequence of integrated components in the form of icons 
connected through virtual wires as they were configured in reality. The components were 
arranged in a logical sequence to enable integration between all processes in precise 
chronological order. Conditional programming enabled more complex instrumental 
integration and on/off functions to be run simultaneously. 
The design of the block diagram incorporated variable controls for the photomultiplier tube 
power supply (± 5 V) and sensitivity (≤ +1.1 V), as well as customised data acquisition from 
the photomultiplier tube through the ADC. In addition, it also incorporated a LabVIEW driver3 
(Agilent N9310 Signal Generator Certified LabVIEW USB Driver, National Instruments, USA) 
for the signal generator for remote triggering and configuration, see Figure 3.22. 
 
Figure 3.22: Fully developed program for integration and automation of the instrument. 
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The virtual instrument permitted different data acquisition and data processing settings. 
Parameters such as sampling frequency and total number of repeats were manually 
adjustable through controls in the front panel as shown in Figure 3.23.  
Data processing settings were configured through the use of mathematical functions on the 
block diagram. Two data processing steps were applied to the acquired data: firstly, zeroing 
the baseline based on an average of the first n samples and, secondly, calculating the peak 
area through the summation of all the acquired data points – see Figure 3.22. 
In addition to the ADC operation, data acquisition and processing, the virtual instrument also 
controlled the signal generator through its downloadable LabVIEW driver. The driver was 
embedded into a flat sequence in the block diagram with its ON and OFF positions set to pre-
determined time intervals. The sequence switched the signal generator to its ON and OFF 
positions for a pre-set duration defined via interactive controls in the front panel. The ON and 
OFF positions corresponded to the SAW ON/SAW OFF settings and their respective duration 
corresponded to the peak and baseline analysis times, respectively. 
In addition, the frequency and the amplitude of the signal generator could also be controlled 
on the front panel to match the exact frequency of each SAW Device.  
 
Figure 3.23: Fully developed interface of the virtual instrument. 
  
118 
 
3.6 INSTRUMENTAL OPERATION 
3.6.1 HARDWARE OPERATION 
As shown in Figure 3.21 and described in 3.5.2, the ADC and the photomultiplier tube were 
remotely powered and operated through a virtual instrument designed using LabVIEW. 
The signal generator and the amplifier were independently powered and also remotely 
operated through the same virtual instrument described in 3.5.2.  
The magnetic stirrer and the peristaltic pump were not connected to the virtual instrument 
and, as such, these two components were manually and independently operated. 
The magnetic stirrer was set to 250 rpm and remained switched on for the duration of the 
experiment. Also, the peristaltic pump was set to 0.150 mL min-1 and remained switched on 
for the duration of the experiment. 
At the beginning and at the end of each analysis, the SAW Micromixer was checked for the 
presence of bubbles and any other irregularities. Bubbles were manually dislodged by tilting 
the SAW Micromixer on an angle while gently tapping on the edges of the SAW Device to 
encourage the bubble to escape via the outlet.  
Once the bubbles were dislodged, both the substrate side of the SAW Micromixer and the 
microscope slide were wiped with isopropanol (Merck Millipore, Australia) using lint-free 
wipes (Kimwipes, Kimberly-Clark, USA) and the perimeter of the SAW Micromixer chamber 
re-aligned with the detector cell of the photomultiplier tube. The photomultiplier tube was 
switched off whenever the instrument case was opened for maintenance in order to ensure 
the integrity of the photodetector cell. 
After each batch of analyses, the PVC tubing and the SAW Micromixer were flushed with a 
mixture of water and detergent (Liquid Pyroneg, Diversey, Netherlands) (20:1) for 10 minutes, 
followed by ultrapure water for another 15 minutes.  
All the produced waste was collected and disposed through a certified contractor (Toxfree, 
Melbourne, Australia). 
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3.6.2 SOFTWARE OPERATION 
As described in 3.5.2, the front panel of the virtual instrument enabled the user to configure 
the following parameters before analysis: 
 Sampling frequency 
 Number of repeats 
 SAW OFF time 
 SAW ON time 
 Signal generator frequency  
 Signal generator amplitude 
The sampling frequency corresponded to the number of data points acquired per second of 
analysis. The sampling frequency varied between 10 and 100,000 Hz. The number of repeats 
determined the total number of SAW OFF/SAW ON cycles per analysis. The duration of each 
SAW OFF/SAW ON cycle equalled the total duration of the combined SAW OFF and SAW ON 
times per repeat. The total analysis time T was determined by the following equation:  
𝑇 = 𝑛(𝑡1 + 𝑡2) + 𝑡1 Equation 3.1 
where: 
T = Total analysis time (s) 
n = Number of repeats 
t1 = Time the SAW Micromixer is switched off (s) 
t2 = Time the SAW Micromixer is switched on (s) 
The SAW OFF / SAW ON / SAW OFF cycle produced a signal that followed the 
baseline/peak/baseline format and, as such, an extra t1 interval was added to the equation at 
the end of all repeats in order to enable the symmetrical analysis of the last peak.  
Once acquired, the data set for each analysis was saved as a comma separated value (CSV) 
file and the data analysis performed using Excel (Microsoft Office, USA), eg. single peak area 
calculation, calibration curves, etc.   
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4 CHARACTERISING MICROMIXING THROUGH IMAGE ANALYSIS: FLUORESCENCE 
4.1 OVERVIEW 
As described in Chapter 2, SAW micromixing has been quantified in sessile drops1–6, 
microchambers 7,8 , microchannels 9 , microdiscs 10 and in paper 11 using a variety of  
quantification methods. This chapter describes the quantification of SAW Micromixing under 
a range of continuous flow conditions. 
The three-dimensional geometry of the SAW Micromixer and the nature of the SAWs are 
conducive to a micromixing system in which turbulent mixing is achieved through chaotic 
advection12,13. SAW-induced acoustic streaming in fluids varies with the shape of the confined 
liquid, the incident position, angle, and the operating frequency of the SAW device14,15.  
The method employed here utilizes image analysis and numerical tools for the 
characterization of chaotic stirrers in three-dimensionality. In particular, it evaluates the 
efficiency of the microfluidic mixing in the form of a normalized mixing index calculated as a 
function of the image intensity for each of the experimental configurations.  
The experiment investigated the influence of the SAW surface displacement, fluid flow rate, 
and inlet orientation on the normalized mixing index in the SAW Micromixer using a 
fluorescent tracer. As a result, this experiment produced valuable data for the optimization 
of the design and configuration of the SAW Micromixer. 
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4.2 METHODOLOGY 
4.2.1 NORMALISED MIXING INDEX 
This chapter measured the physical spatial shifting of fluorescent tracer particles in the SAW 
Micromixer. The method calculated the mixing efficiency of a mixture of deionized water and 
fluorescent tracer in the SAW Micromixer through the mathematical analysis of a series of 
grayscale images taken using a high speed camera. All images were cropped to restrict the 
image analysis to the perimeter of the chamber of the SAW Micromixer. 
The absolute mixing index of the solution in the SAW Micromixer was calculated as a function 
of the image standard deviation s and the average image intensity ?̅? as shown in Equation 
Equation 4.1 16. 
𝐴𝑀𝐼 =
𝑠
?̅?
 Equation 4.1 
where: 
𝐴𝑀𝐼 = Absolute Mixing index 
𝑠 = Standard deviation of the pixel intensities in the image 
?̅? = Average pixel intensity of the image for the fully mixed state 
The standard deviation s of the pixel intensities Pi is calculated as shown in Equation 4.2 
below: 
𝑠 = √
1
𝑁
∑(𝑃𝑖 − ?̅?)2
𝑁
𝑖=1
 Equation 4.2 
for 0 ≤ 𝑃𝑖  ≤ 255, where: 
𝑃𝑖  = Local pixel intensity 
?̅? = Average pixel intensity of the image for the fully mixed state 
𝑁 = Total number of pixels in the image 
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The image analysis was performed by a software (Virtualdub, Open Source Code, Online) that 
measured the average pixel intensity ?̅? of the fully mixed state as shown below: 
?̅?  =  (
1
𝑁
) ∑ 𝑃𝑖
𝑁
𝑖=1
 Equation 4.3 
for 0 ≤ 𝑃𝑖  ≤ 255, where: 
?̅? = Average pixel intensity of all pixels in the image 
N = Total number of pixels in the image 
𝑃𝑖 = Pixel intensity of pixel i 
The mixing index M was normalized to a value of 1 for the unmixed state and 0 for the final 
mixed state. However, for ease of discussion, the mixing efficiency MI will be used from 
hereon to facilitate the discourse as MI → 100, whereas AMI → 0. Hence, the following 
equation will be used12: 
𝑀𝐼 =  (1 − 𝐴𝑀𝐼)  × 100% Equation 4.4 
where: 
𝑀𝐼 = Mixing efficiency (%) 
𝐴𝑀𝐼 = Absolute mixing index 
Each experimental configuration was allowed to equilibrate for 5 minutes with the SAW 
device switched off prior to recording. The high speed camera was set up to capture video at 
50 frames per second (fps) from tinitial = 0 s to tfinal = 30 s. The first image taken at t = 0 s 
represented the initial unmixed state with the SAW device switched off. The SAW device was 
switched on at 0 s < t < 1 s.  
Instantaneous normalized mixing indices showed that the mixing stabilized over a period 
ranging from t = 1 s to t = 20 s with the SAW device switched on. As a result, the interval 
ranging from t = 25 s to t = 30 s was chosen as representative of the final mixed state still with 
the SAW device switched on. An average of the instantaneous mixing index for the last 250 
images taken from t = 25 s to t = 30 s represented the final mixed state.  
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4.3 REAGENTS 
Ultrapure water (18 Ω, Milli-Q Reference Water Purification System, USA) and 1 mM 
fluorescein (analytical grade, Sigma-Aldrich, Australia) made in ultrapure water were 
introduced into the SAW Micromixer through the inlets at a ratio of 1:1. 
4.4 OPERATION AND DATA ACQUISITION 
The experimental design consisted of the SAW Micromixer fixed onto the platform of an 
inverted microscope (Eclipse Ti-S fluorescence-enabled, Nikon Instruments Inc., Tokyo, Japan) 
equipped with a fluorescein isothiocyanate (FITC) filter set (519 nm) (Chroma Technology 
Corp., Bellows Falls, VT, USA) and a 2X objective lens connected to a high speed camera 
(FASTCAM SA-5; Photron Ltd., Tokyo, Japan). All images were captured through the polished 
side of the lithium niobate substrate of the SAW Micromixer. 
The SAW Micromixer inlets and outlet were manually fitted with 50 cm and 10 cm of flexible 
PTFE tubing (0.012" ID, 0.030" OD; Cole-Parmer Instrument Co., Vernon Hills, IL, USA), 
respectively. The water and the fluorescent tracer were injected into the SAW Micromixer 
using a syringe pump (SP100i, World Precision Instruments Inc., Sarasota, FL, USA) equipped 
with 5 mL syringes (Terumo, Shibuya, Japan) capped with 32 gauge needles (Livingstone 
International Pty., Rosebery, NSW, Australia). 
The flow rate was set to 0.25 mL min-1 per line - reagent and sample - thus summing up to a 
total flow rate of 0.5 mL min-1. The system was flushed and stabilized with each sample for a 
total of 5 minutes prior to quantification and analysis. 
The SAW Micromixer was kept in place by a pair of magnetic probes fitted with copper wires 
(Heavy duty hook-up copper wire 32 x 0.2 mm, Jaycar, Australia) connected to a male BNC 
adaptor. The adaptor was connected to a female BNC plug and SMA cable which lead to the 
amplifier (ZHL-5W-1, Mini- Circuits, Brooklyn, NY, USA).  
The amplifier was connected to the radio frequency (RF) output of a signal generator (N9310, 
Agilent Technologies Pty. Ltd., Mulgrave, VIC, Australia) via an SMA cable. Different from what 
was described in Chapter 3, the signal generator was manually triggered at pre-determined 
times (0 s < t < 1 s). 
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4.5 SURFACE DISPLACEMENT AND DIRECTION OF SAW PROPAGATION 
SAWs can be measured as the surface displacement resulting from high frequency (MHz) 
electromechanical waves (nm) propagating on the surface of the piezoelectric crystal5. 
Different SAW device designs produce different patterns of surface displacement as shown in 
Figure 4.1.  
 
Figure 4.1: Surface displacement patterns and direction of SAW propagation in different SAW device 
designs7. 
The SAW device design described in Chapter 3 is equivalent to design a (left) shown in Figure 
4.1. Figure 4.1 a (right) shows the direction of the vibration or surface displacement along the 
axis of SAW propagation. Depending on the power supplied to the SAW device, the intensity 
or amplitude of the surface displacement varies along the axis of SAW propagation7,18.  
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Prior to quantifying the mixing index, the surface displacement was measured in nanometers 
using a laser Doppler vibrometer (UHF-120-SV, Polytec GmBH, Germany) and correlated to 
the amplitude of the RF power applied to the SAW Micromixer via the signal generator and 
amplifier, see Figure 4.2.  
 
Figure 4.2: Surface displacement of the SAW Micromixer as a function of amplitude. 
The amplitude was manually controlled via the signal generator in decibel-milliwatts (dBm). 
Measurements were performed in triplicate in the clean room at the MCN.  
The unit dBm corresponds to a measure of absolute power and may appear as positive or 
negative values. In order to facilitate discussion, amplitude (dBm) and surface displacement 
(nm) will be used interchangeably from hereon. The error bars correspond to the standard 
error (𝜎𝑀 = 
𝜎
√𝑛
).  
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4.6 THE EFFECT OF SURFACE ACOUSTIC WAVE ORIENTATION 
Quantification studies in three-dimensional chaotic systems have demonstrated that the 
mixing efficiency of a SAW-driven microfluidic system is dependent on the alignment of the 
direction of SAW propagation relative to the fluid7,14,18–20.  
This experiment investigated the influence of the direction of SAW propagation on the mixing 
index relative to the inlet/outlet orientation in the SAW Micromixer using the method 
described in Section 4.2. Two major inlet/outlet orientations were trialled: side and top-
bottom, see Figure 4.3 and Figure 4.4.  
In the side orientation, the axis of SAW propagation was perpendicular to the primary axis of 
fluid flow, see Figure 4.3.  
 
Figure 4.3: SAW Micromixer Version I – Side Orientation. 
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Whereas in the top-bottom orientation, the axis of SAW propagation was parallel to the 
primary axis of fluid flow, see Figure 4.4. 
 
Figure 4.4: SAW Micromixer Version I – Top-bottom Orientation. 
In both orientations, the position of the outlet, fluorescent dye (fluorescein) and the number 
of IDTs (Side 1 or 2, Top-bottom A or B) were alternated as schematised in Figure 4.5 and 
Figure 4.9. 
Figure 4.5 shows the averaged mixing index profile for all side configurations across 30 
seconds of mixing. Measurements were acquired in triplicate at a flow rate of 0.5 mL min-1 
with a surface displacement of 2.3 nm. The averaged mixing index for the last 5 seconds of 
mixing and the standard error (𝜎𝑀 = 
𝜎
√𝑛
) for each configuration are shown in Table 4.1. 
The highest percentage of mixing, nearly 85 %, was achieved in configuration S213 (see Figure 
4.5 for orientation details) which made use of both IDTs for enhanced mixing. Although highly 
successful, the use of both IDTs overheated the device causing the formation of bubbles and 
eventual device fracture. Unfortunately, this configuration was not conducive to further 
testing even though it achieved the highest mixing index amongst all configurations. 
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Table 4.1: Steady state (25 s – 30 s, n = 3) mixing index summary for Figure 4.5.  
Configuration Averaged MI (25 s – 30 s) (%) Standard Error (%) 
S113 67.17 ± 0.45 
S213 84.03 ± 0.67 
S131 62.21 ± 0.17 
S231 47.75 ± 0.61 
 
Figure 4.5: The effect of SAW orientation on the mixing index – side orientation.  
(Fluorescein = 0.5 mM, Flow Rate = 0.5 mL min-1, Surface Displacement = 2.3 nm, n = 3) 
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The next best configuration was S113 with a final mixing index of approximately 67%, followed 
by S131 and S231 with final mixing indices of approximately 62% and 48%, respectively. 
The mixing index profile of these configurations provides a valuable insight on the influence 
of the SAW orientation relative to the primary axis of the fluid flow as it shows that different 
configurations produce significantly different results differing by approximately 17% (S213 
and S113) and, in extreme cases, a maximum of approximately 36% (S213 and S231).  
The lower mixing efficiency achieved for S131 and S231 suggests a correlation between lower 
mixing efficiency and the outlet in position 3 when compared to maximum mixing efficiency 
for the configurations in which the outlet is located in position 1. This confirms the importance 
of the optimal positioning of the fluid inlets and outlet relative to the direction of SAW 
propagation for maximised mixing efficiency. 
In fact, a parallel may be drawn between the mixing index profiles obtained in this section 
and the streamlines of internal acoustic streaming produced in a similar study5 in 30 µL 
droplets and 3D numerical models shown in Figure 4.6 below. The study suggests that the 
frequency of the SAW device, the applied RF power, the volume of the droplet and the angle 
of incidence of the SAWs have a noticeable effect on the mixing profile.  
 
Figure 4.6: Acoustic streaming and micromixing in microdroplets seeded with traceable particles5. 
(Grayscale = Experimental, Colour = 3D Model, Red Arrow = Origin of SAW Propagation) 
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Configurations in which the SAWs hit the interface of the two fluids (fluorescein and water) 
at a right angle (S113, S213) appear to be more efficient than those in which the angle of 
incidence of the SAWs is oblique (S131, S231), see Figure 4.7 and Figure 4.8. 
 
Figure 4.7: Theoretical positioning of the angle of incidence of the SAWs on the fluid interface (≈90°, Side). 
(Outlet ≡ Interface, White = Fluorescein, Grey = Water, Black Arrows = SAW, Grey Arrows = Theoretical 
Mixing) 
 
Figure 4.8: Theoretical positioning of the angle of incidence of the SAWs on the fluid interface (≠90⁰, Side). 
(Outlet ≡ Interface, White = Fluorescein, Grey = Water, Black Arrows = SAW, Grey Arrows = Theoretical 
Mixing) 
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Different incident angles may give rise to different acoustic streaming patterns on the 
interface of the two unmixed fluids (intersection between the white and grey shaded areas) 
producing different mixing profiles as theoretically schematised in Figure 4.7 and Figure 4.8 
(right).  
The miscibility of the fluid interface is diffusion-limited at the scale of the SAW 
Micromixer12,21. The rate of diffusion at the fluid interface is dependent on the fluid viscosity, 
polarity, density and velocity of the laminar fluid flow of the two liquids and is a function of 
the interfacial surface area. As described in Chapter 2, the SAWs leak into the fluid at the 
Rayleigh angle and produce radiating pressure waves in the form of acoustic radiation 
pressure transmitted across the fluid in the form of an acoustic radiation force with vectorial 
components which add up to form nodes and antinodes14.  
The acoustic radiation pressure also exerts a longitudinal pressure wave front in the form of 
a longitudinal pressure force which drives bulk liquid recirculation20 and initiates mixing and 
stirring12. The longitudinal pressure wave front and the vectorial acoustic pressure have a 
synergistic effect across the fluid. This effect stretches and distorts the laminar interface of 
the fluid flow thereby increasing the diffusion rate in all three dimensions. Hence, the surface 
area of the fluid interface dramatically increases resulting in mixing and stirring at the 
microscale5. As a result, the mixing profile of the SAW Micromixer may vary depending on the 
angle of incidence of the SAWs relative to the interface of the two liquids as shown in Figure 
4.7 and Figure 4.8 
In addition to the effect of the angle of incidence of the SAWs, the micromixing at the fluid 
interface is also dependent on the residence time of the fluids in the SAW Micromixer. The 
residence time is a function of the fluid flow rate and the proximity of the outlet and inlets. 
The asymmetrical placement of the inlets relative to the outlet (S131 and S231) can encourage 
the formation of a preferential flow path for one of the fluids thereby reducing its residence 
time in the chamber. This may account for the lower mixing efficiency in configurations S131 
and S231 in which the outlet (3) is located in close proximity to inlet (2).  
The mixing profiles obtained for the top-bottom configuration (Figure 4.9) agree with these 
two premises as they show a correlation between the angle of incidence of the SAWs relative 
to the position of the inlets/outlet and the efficiency of the mixing index: 
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Table 4.2: Steady state (25 s – 30 s, n = 3) mixing index summary for Figure 4.9.  
Configuration Averaged MI (25 s – 30 s) (%) Standard Error (%) 
TBA13 24.65 ± 0.52 
TBA31 74.81 ± 2.72 
TBB13 69.40 ± 0.81 
TBB31 45.98 ± 0.44 
TBAB13 59.71 ± 0.89 
TBAB31 46.46 ± 1.14 
 
Figure 4.9: The effect of SAW orientation on the mixing index – top-bottom orientation.  
(Fluorescein = 0.5 mM, Flow Rate = 0.5 mL min-1, Surface Displacement = 2.3 nm, n = 3) 
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Figure 4.9 shows the averaged mixing index profile for all top-bottom configurations across 
30 seconds of mixing. Measurements were acquired in triplicates at a flow rate of 0.5 mL min-
1 with a surface displacement of 2.3 nm. The averaged mixing index for the last 5 seconds of 
mixing and the standard error for each configuration are shown in Table 4.2. 
Among all the top-bottom configurations, the best final mixing indices were obtained for 
TBA31 (≈77%) and TBB13 (≈71%). These two were the only two configurations in which the 
SAWs propagated in the opposite direction to the fluid flow.  
Although configuration TBA31 produced the best final mixing index, its mixing profile revealed 
very inefficient mixing for the first 15 seconds (< 50%). In fact, the mixing index in TBA31 was 
negative for the first 6 seconds suggesting that the particles in the two fluids were being 
separated instead of mixed. Particle separation14,22,23 to one side was also observed in 
configuration TBAB31 during the first 10 seconds. In these two configurations the angle of 
incidence of the SAWs on the fluid interface was oblique, see Figure 4.10 for details. 
In addition, in configurations TBA31 and TBAB31 the outlet (3) was closely positioned next to 
the water inlet (2). As discussed earlier in this section, this outlet/inlet configuration may 
encourage the formation of preferential flow paths allowing one of the fluids to exit the 
chamber unmixed.  
Again, the lower mixing indices observed for configurations TBA31 and TBAB31 may have 
been the product of the combined effects of the angle of incidence of the SAW on the fluid 
interface and the proximity of the outlet relative to one of the inlets. The influence of these 
two factors, however, appears to be less visible in configuration TBB31 in which the SAWs 
propagate from ITD (B). 
Configuration TBB31 produced a final mixing index of approximately 45%, which is in line with 
the mixing produced in the side configurations S131 and S231 in which the outlet is closely 
positioned next to one of the inlets. In this case, however, the oblique angle of incidence of 
the SAWs in TBB31 may have hindered the formation of a preferential flow path through 
acoustic recirculation towards inlet (2). 
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Figure 4.10 depicts the theoretical flow patterns for all the top-bottom configurations tested: 
 
Figure 4.10: Theoretical effect of the angle of incidence of the SAWs on the fluid interface (≠90°, Top-
bottom). 
(Outlet ≡ Interface, White = Fluorescein, Grey = Water, Black Arrows = SAW, Grey Arrows = Mixing) 
Out of all top-bottom configurations, TBB13 displayed the best mixing profile reaching a 
mixing index of 75% in the first 15 seconds which plateaued at around 70% for the remainder 
TBA13 
TBA31 
TBB13 
TBB31 
TBAB13 
TBAB31 
136 
 
of the experiment. The efficiency of the mixing profile in TBB13 may be explained by its unique 
configuration in which the direction of SAW propagation (B→A) and angle of incidence of the 
SAWs diametrically oppose the direction of fluid flow (2&3→ 1 or A→B), see Figure 4.10. 
In this configuration, the angle of incidence of the SAWs coincides with the plane of the 
laminar fluid interface. The plane of the laminar fluid interface is directed towards IDT (B), 
whereas the direction of propagation of the SAWs is towards IDT (A). As a result, the vectorial 
acoustic radiation force and the longitudinal pressure wave generated by the SAWs in the 
direction B→A diametrically oppose and collide with the laminar fluid interface flowing in the 
opposite direction (A→B). The collision deforms the laminar interface three-dimensionally 
and initiates mixing and stirring.  
Comparably, Figure 4.11 shows a 3D numerical model illustrating the complex flow patterns 
emerging from a direct SAW-droplet interaction through the median region of a 30 µL 
droplet5. 
 
Figure 4.11: 3D numerical model showing median SAW-droplet interaction leading to 3D complex flow 
patterns5. (A = Tilted view, B = Direct view focusing through the droplet centre) 
The model shows the combined effect of the longitudinal and vectorial acoustic wave forces 
resulting from the SAW propagation into the fluid at the Rayleigh angle and the Reynolds 
stress formation producing an effective steady force acting on the median section of the fluid 
body. This steady force drives the flow field in the direction of SAW propagation until it is 
reflected by a solid boundary and reversed, eventually forming the double vortices as shown 
in Figure 4.11. 
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Analogously, it can be hypothesised that the longitudinal pressure wave and flow field formed 
in the direction B→A slows the velocity of the fluid flow (A→B) and increases the residence 
time of the fluids in the SAW Micromixer contributing to more efficient mixing.  
Finally, configurations TBA13, TBAB31 and TBAB13 produced final mixing indices of ≈24 %, 
47%, and 61% respectively. Although relatively higher for TBAB13, the mixing index remained 
below 50% for the first 15 seconds of the experiment, with an accentuated increase between 
15 and 30 seconds. In all three configurations (TBA13, TBAB31 and TBAB13) the mixing profile 
was found to be inefficient and their use was discontinued. 
In summary, the highest and most consistent mixing index profile was obtained for 
configuration TBB13 (≈70%) followed by S113 (≈67%). As mentioned above, although 
extremely efficient (≈85%), configuration S213 was found to be thermally and structurally 
unstable to withstand further testing – perhaps due to the addition of SAWs coming from 
opposite directions and overheating the device – and was therefore discontinued. As a result, 
configuration TBB13 was used in all subsequent experiments until the end of the project.  
In conclusion, he best mixing orientations were found to be TBB13 and S113 as the angle of 
incidence of the SAWs relative to the fluid interface and the positioning of the inlets and 
outlet relative to the direction of SAW propagation were found to have a significant 
compound effect on the mixing index.   
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4.7 THE EFFECT OF SURFACE DISPLACEMENT 
This section quantifies micromixing in the SAW Micromixer as a function of the surface 
displacement measured as described in Section 4.5. The SAW Micromixer was subjected to 
different surface displacements and the mixing index quantified as described in Section 4.2.  
The surface displacement ranged from 1.1 nm – 2.3 nm at a flow rate of 0.5 mL min-1 using 
the SAW Micromixer configuration TBB13 (Section 4.6). The averaged mixing index for the 
last 5 seconds of mixing and the standard error for each configuration are shown in Table 4.3. 
Figure 4.13 shows the averaged mixing index profile for triplicates acquired over a period of 
30 seconds. 
As it can be seen from Figure 4.13, the mixing index gradually increases at higher surface 
displacements, going from approximately 30% at a surface displacement of 1.1 nm to 70% at 
2.3 nm (SD > 2.3 = device failure). This increase appears to be proportional to the increase in 
surface displacement and agrees with analogous experiments performed in three-
dimensionality in microdrops5,7. Figure 4.12 illustrates this in a 3D numerical model5. 
 
Figure 4.12: 3D Numerical model showing different streaming velocities at different surface displacements5. 
(A= Low SD, B = High SD, Blue = Zero streaming velocity, Red = High streaming velocity) 
The surface displacement experiment suggests that the fluid dynamics in the SAW Micromixer 
follows that of a sessile drop in which, at higher surface displacements, more energy is 
transferred from the generated SAWs into the liquid at the Rayleigh angle7, thus increasing 
streaming and recirculation20 and consequently causing chaotic advection and turbulence24 
by raising the Reynolds6 and Dean12 numbers.  
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Table 4.3: Steady state (25 s – 30 s, n = 3) mixing index summary for Figure 4.13.  
Surface Displacement (nm) Averaged MI (25 s – 30 s) (%) Standard Error (%) 
1.1 33.56 ± 0.56 
1.0 35.81 ± 0.36 
1.2 45.56 ± 0.10 
1.6 55.64 ± 0.97 
1.8 56.78 ± 0.84 
2.0 57.28 ± 0.47 
2.3 69.89 ± 0.76 
 
Figure 4.13: The effect of surface displacement on the mixing index  
(Fluorescein = 0.5 mM, FR = 0.5 mL min-1, TBB13, n = 3). 
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4.8 THE EFFECT OF FLOW RATE 
This section quantifies micromixing in the SAW Micromixer as a function of flow rate. The 
mixing index quantified as described in Section 4.2.  
Figure 4.14 shows the averaged mixing index profile for triplicates acquired over a period of 
30 seconds for flow rates ranging from 0.25 mL min-1 to 1.5 mL min-1 at a constant surface 
displacement of 2.3 nm using configuration TBB13 (Section 4.6). The averaged mixing index 
for the last 5 seconds and the standard error for each configuration are shown in Table 4.4.  
As it can be seen in Figure 4.14, flow rate is the limiting factor in the initial 5 seconds when all 
mixing indices revolve around 64%. After approximately 5 seconds, however, higher flow 
rates appear to have a detrimental effect on the mixing index in the SAW Micromixer with 
approximate reductions of 3%, 10% and 25% in the mixing index at flow rates of 0.5 mL min-
1, 1.0 mL min-1, and 1.5 mL min-1 compared to an increase of nearly 10% at 0.25 mL min-1. 
Most notably, the mixing indices for 0.25 mL min-1 and 0.5 mL min-1 are visibly lower than 
those for 1.0 mL min-1 and 1.5 mL min-1 in the first 5 seconds followed by a significant inversion 
in the mixing profile over the next 25 seconds. This inversion in mixing profile suggests an 
interplay between the SAW streaming forces (FSAW) and the forces exerted by the fluid flow 
(FFR) as indicated in Figure 4.15.  
Figure 4.15 suggests that the initial FSAW (FSAWI) drives acoustic streaming in all fluid flow rates 
(FSAWI > FFR) until a critical point is reached around 5 seconds. At this point, FSAWI is replaced by 
FSAWF which continues to drive mixing in the SAW Micromixer.  
FSAWI > FFR for all flow rates in the first 5 seconds, however, as FSAWI is replaced by FSAWF and 
FSAWF < FSAWI, FSAWF drives mixing depending on whether FSAWF > FFR or FSAWF < FFR. If FSAWF > FFR, 
the acoustic streaming forces will be the dominant forces and the mixing profile will revolve 
around the critical point or higher. However, if FFR > FSAWF, the mixing profile will show a 
decline as the fluid flow forces will be the dominant forces pushing unmixed fluid out of the 
SAW Micromixer. 
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Table 4.4: Steady state (25 s – 30 s) mixing index summary for Figure 4.14. 
Flow Rate (mL min-1) Averaged MI (25 s – 30 s) (%) Standard Error (%) 
0.25 73.47 ± 0.58 
0.5 61.33 ± 1.21 
1.0 53.60 ± 1.06 
1.5 39.33 ± 0.74 
 
Figure 4.14: The effect of flow rate on the mixing index (Fluorescein = 0.5 mM, SD = 2.3 nm, n = 3, TBB13). 
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Figure 4.15: Hypothetical distribution of the SAW and flow rate forces driving mixing at different flow rates. 
This behaviour is in agreement with SAW acoustic streaming modelling studies5 in which the 
progression of the longitudinal wave (FSAW) is shown in the form of a flow field propagating 
on a 30 µL sessile drop over time eventually reaching a steady state. The formation of the 
initial FSAW is shown in Figure 4.16 below.  
The study5 reports that the flow field illustrated in Figure 4.16 is reversed upon contact with 
a solid boundary and reaches steady state within a few seconds. The interaction between the 
forward and reverse flow fields contributes to a decrease in the streaming velocity which 
results in weaker flow field forces (≡ FSAWF)5. 
Analogously, the flow field formed in the SAW Micromixer (FSAWI) is reflected within the 
chamber and reversed until a steady state is reached after 5 seconds of acoustic streaming.  
This causes a reduction in streaming velocity and theoretically explains the inversion point at 
which the components of the fluid flow force (FFR) become dominant over the final flow field 
forces (FSAWF) in the cases that FFR > FSAWF.  
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Figure 4.16: 3D Numerical model showing the progression of the flow field in a sessile drop5. 
As a result, the mixing profiles change according to the relationship between FSAWF and FFR. If 
FFR > FSAWF, the fluid flow forces will drive the fluid out of the SAW Micromixer unmixed 
decreasing the mixing index; whereas if FSAWF > FFR, the flow field forces will continue to drive 
acoustic streaming and the mixing index will rise or plateau around the critical point 
depending on the magnitude of FFR. 
In addition to the theoretical explanation of the flow field forces FSAWI and FSAWF, lower flow 
rates result in longer residence times in the SAW Micromixer and result in higher mixing 
indices than higher flow rates in which the fluid leaves the SAW Micromixer unmixed17. 
These observations are in line with the mixing dynamics observed for configuration TBB13 
(Section 4.6) in which the direction of SAW propagation opposes the direction of fluid flow 
thereby increasing the residence time of the fluid in the SAW Micromixer.  
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4.9 OPTIMISATION THROUGH RESPONSE SURFACE METHODOLOGY MODELLING 
4.9.1 METHODOLOGY 
Response surface methodology (RSM) utilizes a collection of statistical and mathematical 
techniques useful for developing, improving and optimizing processes. RSM can be applied in 
situations in which multiple explanatory (independent) variables concurrently influence the 
outcome of one or more response (dependent) variables.  
RSM can be employed to devise experimental plans based on preliminary experimental 
responses obtained for a number of variables. Preliminary experimental responses can be 
used as independent variables to predict the optimized theoretical response of dependent 
variables.  
As a result, RSM consists of an experimental strategy for optimizing the response of the 
dependent variables through the theoretical modelling of independent variables. In addition, 
empirical statistical modelling is also used to evaluate the significance of the proposed model 
and to optimize the values of the process variables to produce an optimized response25. 
The compound influence of the fluid flow rate and the SAW amplitude on the steady state 
mixing index (30 seconds) was theoretically investigated via RSM. RSM modelling software 
(Design-Expert, Version 9.0.6.2) was employed to fit the experimental data to a modified 
Quadratic model belonging to the Box-Behnken design category, which is an alternative 
model for the optimisation of analytical methods26.  
The experimental data used in the Box-Behnken design is shown in Table 4.5. Two input 
variables, fluid flow rate and SAW amplitude, were entered within the specific ranges shown 
in Table 4.6. 
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Table 4.5: Experimental data used in the Box-Behnken design. 
Run # A: Flow Rate  
(mL min-1) 
B: SAW Amplitude  
(dBm) 
Mixing Index  
(%) 
1 0.25 0 73.34 
2 0.5 0 58.58 
3 1 0 55.93 
4 1.5 0 42.22 
5 0.25 2 64.25 
6 0.5 2 60.99 
7 1 2 52.04 
8 1.5 2 53.11 
9 0.25 4 94.13 
10 0.5 4 83.28 
11 1 4 78.63 
12 1.5 4 60.01 
 
Table 4.6: Variable range and specifications. 
Factor Name Units Type Subtype Minimum Maximum 
A Flow Rate mL/min Numeric Continuous 0.25 1.5 
B Amplitude dBm Numeric Continuous 0 4 
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4.9.2 FIT SUMMARY 
The experimental data was fitted using different mathematical models. All tested models are 
shown in Table 4.7 below. 
The quadratic model was chosen as the most comprehensive mathematical model for 
describing the interactions between different variables (flow rate and SAW amplitude) 
involved in the experimental design. 
Table 4.7: Fit summary of different models in RSM. 
Source Sequential 
p-value 
Lack of Fit 
p-value 
Adjusted 
R-Squared 
Predicted 
R-Squared 
Success 
Linear 0.001059 -- 0.733311 0.638609 Suggested 
2FI 0.797207 -- 0.702598 0.532192 Suggested 
Quadratic 0.071811 -- 0.835179 0.400462 Suggested 
Cubic 0.22159 -- 0.909905 0.362285 Aliased 
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4.9.3 STATISTICAL ANALYSIS  
The analysis of variance (ANOVA) is shown in Table 4.8. The Model F-value of 12.15 implies 
the model is significant. In addition, the software reports that there is only a 0.43% chance 
that an F-value this large could occur due to noise.  
 
Table 4.8: ANOVA for RSM Quadratic model. 
Source Sum of 
Squares 
df Mean 
Square 
F - Value p-value 
Prob > F 
Model 2211.394 5 442.2789 12.1478 0.004295 
A-Flow Rate 977.9591 1 977.9591 26.861 0.002049 
B-Amplitude 892.0041 1 892.0041 24.50013 0.002579 
AB 4.63694 1 4.63694 0.12736 0.733401 
A^2 3.694316 1 3.694316 0.101469 0.76087 
B^2 303.4128 1 303.4128 8.333653 0.027809 
Residual 218.4488 6 36.40814   
Cor Total 2429.843 11    
 
According to ANOVA, the fitted results can be expressed as Equation 4.5: 
𝑀𝐼 (%) = 73.33 − (23.20 × 𝐴) − (4.65 × 𝐵) − (0.79 × 𝐴𝐵) + (3.41 × 𝐴2) + (2.67 × 𝐵2) Equation 4.5 
where: 
MI = Mixing index 
A = Flow rate 
B = SAW amplitude 
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4.9.4 OPTIMISED RSM MODEL 
The final RSM model based on preliminary experimental data is shown below in Figure 4.17.  
 
Figure 4.17: 3D RSM plot showing optimised parameters for achieving maximum mixing efficiency. 
The 100% desirable conditions (flow rate of 0.25 mL min-1 and SAW amplitude of 4.5 dBm) for 
achieving a maximum mixing index of 100% were experimentally tested. However, due to 
fluid overheating in the chamber and fracture of the piezoelectric crystal at amplitudes 
greater than 4 dBm, reaching the maximum mixing index were not possible. 
Hence, considering the thermo-mechanical limitations of the SAW Micromixer, the highest 
achievable mixing index of 94.13% (entered into the model) was achieved experimentally 
using a flow rate of 0.25 mL min-1 and a SAW amplitude of 4.0 dBm. 
In addition to confirming the optimal experimental conditions, RSM was useful in determining 
the statistical significance of each one of the chosen variables, as well as predicting the signal 
strength within and beyond chamber limitations for maximised signal output.   
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4.10 THE COMPOUND EFFECTS OF FLOW RATE AND PULSING 
In passive mixers, sequentially switching from high to low flow rates increases the mixing 
index as the pressure difference at the interface of the liquids being mixed suffers strong 
deformations27. Following this premise, further experiments were conducted to investigate 
the influence of different flow rates under SAW pulsing.  
In addition, pulsing also assists in saving energy and in reducing overheating of the liquid and 
crystal fracture in the SAW Micromixer thereby prolonging its lifetime under extreme 
conditions. Hence, pulsing was used in an attempt implement the optimal modelled 
experimental conditions (FR = 0.25 mL min-1, Amplitude = 4.5 dBm) described in Section 4.9.4.  
In this experiment, the SAW device was switched on and off at regular time intervals (Period 
= T) of 0.5 seconds for different durations (Duty Cycles = DC) of 50%. The influence of the 
pulsed surface displacement (SD) was investigated at different flow rates in an attempt to 
combine both effects and amplify mixing, see Figure 4.18 and Figure 4.19.  
The optimal experimental conditions (FR = 0.25 mL min-1, Amplitude=4.5 dBm) suggested by 
the RSM model for MI = 100% described in Section 4.9.4 were also attempted with pulsing, 
however without success. Again overheating and crystal fracture occurred in the first 5 
seconds as the SAW Micromixer was subjected to amplitudes greater than 4.0 dBm. 
The next best optimal experimental configuration (FR = 0.25 mL min-1, Amplitude = 4.0 dBm) 
was successfully trialled with pulsing reaching a mixing index of 93.57% (Table 4.10 and Figure 
4.19), which although successful, showed no significant increase over the non-pulsed 
response of MI = 94.13% reported in Section 4.9.4. 
Interestingly, the addition of pulsing had a visible effect on the mixing index in the form of a 
ripple effect throughout the experiment. However, pulsing showed no significant advantage 
when compared with the equivalent non-pulsed mixing index shown in Table 4.4 and Figure 
4.14 for SD = 2.3 nm. 
Figure 4.18 shows the averaged mixing index profile for triplicates acquired over a period of 
30 seconds. The surface displacement was kept constant at 2.3 nm and the flow rate varied 
from 0.25 mL min-1 to 1.5 mL min-1 using the SAW Micromixer configuration TBB13 (Section 
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4.6). The averaged mixing index for the last 5 seconds of mixing and the standard error for 
each configuration are shown in Table 4.9. 
Table 4.9: Steady state (25 s – 30 s) mixing index summary for Figure 4.18. 
Flow Rate (mL min-1) Averaged MI (25 s – 30 s) (%) Standard Error (%) 
0.25 66.01 ± 1.11 
0.5 66.62 ± 0.54 
1.0 48.82 ± 1.57 
1.5 54.62 ± 0.94 
 
Figure 4.18: The effect of pulsing at different flow rates. (SD = 2.3 nm, T = 0.5 s, DC = 50%). 
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Figure 4.19 shows the averaged mixing index profile for triplicates acquired over a period of 
30 seconds. The surface displacement was kept constant at 3.1 nm as per the RSM model 
described in Section 4.9.4 and the flow rate varied from 0.25 mL min-1 to 1.5 mL min-1 using 
the SAW Micromixer configuration TBB13 (Section 4.6). The averaged mixing index for the 
last 5 seconds of mixing and the standard error for each configuration are shown in Table 
4.10. 
Table 4.10: Steady state (25 s – 30 s) mixing index summary for Figure 4.19. 
Flow Rate (mL min-1) Averaged MI (25 s – 30 s) (%) Standard Error (%) 
0.25 93.57 ± 0.72 
0.5 82.86 ± 0.59 
1.0 77.89 ± 0.88 
1.5 60.53 ± 1.27 
 
Figure 4.19: The effect of pulsing at different flow rates (SD = 3.1 nm, T = 0.5 s, DC = 50%). 
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4.11 CONCLUSION 
This chapter investigated the effect of four independent variables on the mixing index in the 
SAW Micromixer: SAW orientation, SAW surface displacement, fluid flow rate and pulsing. 
The effect of SAW orientation was found to be the most influential factor on the mixing index 
in combination with the direction of fluid flow in the SAW Micromixer.  The angle of incidence 
of the SAWs relative to the fluid flow interface was found to strongly influence the mixing 
profile producing the lowest mixing indices when combined with unfavourable directions of 
fluid flow (TBA13, MI ≈ 25%), or when at an oblique angle of incidence (S231, TBB31 and 
TBAB31, MI ≈ 45%). In comparison, the highest mixing indices were achieved when the angle 
of incidence of the SAWs coincided with the opposite direction of the fluid flow in the SAW 
Micromixer (TBB13, MI ≈ 70%) or when at a right angle relative to the fluid interface and the 
direction of fluid flow (S113, MI ≈ 67%). As a result, configuration TBB13 was used in the 
remainder of the project. 
Fluid flow rate was found to be the second most significant variable affecting the mixing index 
in the SAW Micromixer. Lower flow rates were found to favour higher mixing indices (FR = 
0.25 mL min-1, MI ≈ 74%) over higher flow rates (FR = 1.5 mL min-1, MI ≈ 39%). In addition, the 
mixing profiles for different flow rates revealed an important interplay between the acoustic 
streaming and the fluid flow forces along the mixing profile over a short period of time (0 s – 
5 s – 30 s). 
The effect of the SAW surface displacement on the mixing index was found to be proportional 
to the amplitude of the surface displacement with highest mixing indices achieved for the 
highest surface displacements SD ≤ 3.1 nm. Surface displacements higher than 3.1 nm should 
be avoided as they cause overheating and irreparable damage to the SAW Micromixer.  
Pulsing did not have a significant effect on the mixing index other than prolonging the lifetime 
of the SAW Micromixer and consuming less energy. In addition, RSM modelling was found to 
be a useful method for experimental design and optimization as it confirmed that the 
preliminary experimental conditions were close to optimal. Finally, mixing index 
quantification through fluorescent image analysis proved to be an adequate method for SAW 
Micromixer optimization as it allowed different independent variables to be quantitatively 
compared.  
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5 CHARACTERISING MICROMIXING THROUGH IMAGE ANALYSIS: 
CHEMILUMINESCENCE 
5.1 OVERVIEW 
Chapter 4 quantified mixing as a function of the spatial shifting of a fluorescent tracer in the 
SAW Micromixer under different conditions.  
This chapter quantifies mixing as a function of the chemiluminescent output of a chemical 
reaction in the SAW Micromixer under a range of surface displacements and flow rates using 
image analysis.  
Different from the image analysis method employed in Chapter 4 which compared the relative 
image intensities of the initial unmixed and the final mixed states, the methodology employed 
here utilises the average image intensity of the chemiluminescent reaction output to quantify 
the efficiency of the chemiluminescent mixing in the SAW Micromixer. 
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5.2 METHODOLOGY 
5.2.1 AVERAGE IMAGE INTENSITY 
This method quantified mixing in a mixture of chemiluminescent reagent and 
chemiluminogenic sample in the SAW Micromixer as a function of the average image intensity 
resulting from chemiluminescent emissions in a series of coloured images taken using a high 
resolution camera. All images were cropped to restrict the image analysis to the perimeter of 
the chamber of the SAW Micromixer. 
The average image intensity 𝐼 was calculated as the average of all pixel intensities 𝑃𝑖 for a 
given image, for pixel colours varying from 0 ≤ 𝑝𝑖 ≤ 255 divided by the total number of pixels 
𝑁 in the image: 
𝑰 =
𝟏
𝑵
∑ 𝑷𝒊
𝟐𝟓𝟓
𝑷𝒊=𝟎
 
Equation 5.1 
 
                                                         for 0 ≤ 𝑃𝑖  ≤ 255 
where: 
𝐼 = Average image intensity 
𝑁 = Number of pixels in the image 
𝑃𝑖  = Pixel intensity (0 = black, 255 = white) 
All configurations were allowed to equilibrate for 5 minutes with the SAW device switched off 
prior to recording. The camera was configured to take a total of 10 long exposure photos at 
intervals of 3.2 second. The first image taken at tinitial = 0 s represented the initial unmixed 
state. The SAW device was switched on at 0 s < t < 2 s.  
Images were uploaded on the host server. The code (see Appendix 10.1) was written in PHP 
(Zend Technologies, CA, USA) and leverages the built in image functions to evaluate the 
overall brightness of an image file. The code loads the image and extracts the colour value of 
each pixel into cumulative variables for red, green and blue channels. Once all pixels are 
sampled and calculated, each value is divided by the number of pixels in the image and then 
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divided by 255 to identify the alpha value for each colour channel. The alpha value for each 
channel is then added into a variable and divided by three to identify the average image 
intensity with a number ranging from 0 to 1. Average image intensity values were compiled 
using Excel (Microsoft Office, Microsoft, USA) for data analysis.  
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5.3 REAGENTS 
For ease of visualisation, 2 mgL-1 of L-proline (analytical grade; Sigma-Aldrich Pty Ltd., Castle 
Hill, NSW, Australia) was prepared in 50.0 mM sodium tetraborate buffer (analytical grade, 
Ajax Finechem; Thermo Fisher Scientific Pty.  Ltd., North Ryde, NSW, Australia) adjusted to pH 
9.0 using hydrochloric acid (analytical grade, Ajax Finechem; Thermo Fisher Scientific Pty. Ltd., 
North Ryde, NSW, Australia). 
The chemiluminescent reagent consisted of 1.0 mM of tris(2,2’-
bipyridyl)dichlororuthenium(II) hexahydrate  also referred to here as [Ru(bipy)3]2+ (analytical 
grade, Sigma-Aldrich Pty. Ltd., Castle Hill, NSW, Australia) prepared in 20.0 mM sulphuric acid 
and oxidised to [Ru(bipy)3]3+ using 0.1 g of lead dioxide powder per 10 ml aliquot (analytical 
grade, Merck Pty. Ltd., Kilsyth, VIC, Australia) filtered prior to injection using a 0.45 µm teflon 
microfilter (Labquip Ltd., Dublin, Ireland) coupled to a 5 mL syringe (Terumo, Shibuya, Japan). 
  
159 
 
5.4 OPERATION AND DATA ACQUISITION 
The experimental design consisted of the SAW Micromixer fixed onto a customised aluminium 
platform (Thor Labs, Newtown, NJ, USA) fitted with a 1.5 cm central hole which allowed an 
unobstructed view of the polished side of the chamber by the high resolution camera (EOS 
550D SL; Canon Inc., Tokyo, Japan) fitted with a macro lens (EF-S, 60 mm focal length, F2/8; 
Canon Inc., Tokyo, Japan).  The entire experiment was set up inside a microscopy darkroom 
box provided by the MCN. 
The SAW Micromixer inlets and outlet were manually fitted with 50 cm of flexible PTFE tubing 
(0.012" ID, 0.030" OD; Cole-Parmer Instrument Co., Vernon Hills, IL, USA). The 
chemiluminogenic sample and the chemiluminescent reagent were injected into the SAW 
Micromixer using a syringe pump (SP100i, World Precision Instruments Inc., Sarasota, FL, USA) 
equipped with 5 mL syringes (Terumo, Shibuya, Japan) capped with 32 gauge needles 
(Livingstone International Pty., Rosebery, NSW, Australia). 
The flow rate varied from 0.125 – 0.50 mLmin-1 per line - reagent and sample - thus summing 
up to a total flow rate of 0.25 – 1.00 mLmin-1. The system was flushed and stabilised with a 
mixture of chemiluminescent reagent and each sample for a total of 5 minutes prior to 
analysis. 
The SAW Micromixer was kept in place by a pair of magnetic probes fitted with copper wires 
(Heavy duty hook-up copper wire 32 x 0.2 mm, Jaycar, Melbourne, Australia) connected to a 
male BNC adaptor. The adaptor was connected to a female BNC plug and SMA cable which 
lead to a 5 Watt amplifier (ZHL-5W-1, Mini- Circuits, Brooklyn, NY, USA). The amplifier was 
connected to the radio frequency (RF) output of a signal generator (N9310, Agilent 
Technologies Pty. Ltd., Mulgrave, VIC, Australia) via an SMA cable. The signal generator was 
manually operated at pre-determined times in this case. 
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5.5 THE COMPOUND EFFECTS OF SURFACE DISPLACEMENT AND FLOW RATE 
Figure 5.1 shows the compound effects of surface displacement and flow rate on the 
chemiluminescent output as a function of the total average image intensity over a period of 
28.8 seconds (Total Image Intensity >1 as it is the sum of the image intensities of 10 images 
taken during 28.8 seconds). Each measurement was performed in triplicate and the error bars 
represent the standard error for each series. Surface displacements of 2.3 nm, 2.9 nm and 3.1 
nm were tested using combined flow rates of 0.25 mLmin-1, 0.50 mLmin-1, 0.75 mLmin-1 and 
1.00 mLmin-1. 
 
Figure 5.1: Compound effect of surface displacement and flow rate on the total chemiluminescent output. 
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Figure 5.1 shows that the highest chemiluminescent outputs of approximately 4.00 and 3.80 
were achieved using a surface displacement of 2.9 nm at flow rates of 1.00 mLmin-1 and 0.75 
mLmin-1, respectively. The next best configuration with a total image intensity of 
approximately 3.50 was achieved using a surface displacement of 3.1 nm and a flow rate of 
1.00 mLmin-1. 
It may be argued, however, that while these two configurations (SD = 2.9 nm and SD = 3.1 
nm) produced the highest chemiluminescent outputs, their response was not linear across all 
flow rates when compared to the response obtained for SD = 2.3 nm. In fact, the non-linearity 
was more evident as the surface displacement increased from 2.9 nm to 3.1 nm (0.25 mLmin-
1 and 0.50 mLmin-1).  
In particular, the measurements obtained for SD = 2.9 nm and SD = 3.1 nm at 0.50 mLmin-1 
showed unexpectedly low responses, thus suggesting that measurements obtained using 
higher surface displacements may be less accurate than those obtained at lower surface 
displacements. 
This is particularly undesirable in studies involving SAW Micromixer optimisation. Hence, the 
remainder of this section will focus on the results obtained for SD = 2.3 nm as these may be 
more elucidating than those obtained for SD = 2.9 nm and SD = 3.1 nm. 
Figure 5.2 shows the compound effect of surface displacement and flow rate on the total 
averaged image intensity for all tested conditions in a single 3D plot. This format enables 
better visualisation of the optimal mixing profile trend obtained for SD = 2.3 nm across all 
flow rates while illustrating the variations obtained for SD = 2.9 nm and SD = 3.1 nm at 0.50 
mLmin-1. Figure 5.1 and Figure 5.2 were sourced from the same data. Error bars are not 
displayed on Figure 5.2 as the error bar function is not available on surface graphs. 
For better visualisation, the averaged image intensity profiles obtained for SD = 2.3 nm at 0.25 
mLmin-1, 0.50 mLmin-1, 0.75 mLmin-1 and 1.00 mLmin-1 are shown in Figure 5.3 below. 
Conditions were measured in triplicate and the standard error is shown in Table 5.1. In 
addition, a selection of images is shown for each condition in descending order from 1.0 
mLmin-1 to 0.25 mLmin-1 in Figure 5.3. The first image in each series was acquired with the 
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SAW Micromixer switched off. The remainder of the images were acquired with the SAW 
Micromixer switched on. 
 
Figure 5.2: Mixing profile showing the optimal chemiluminescent output for SD = 2.3 nm across all flow 
rates. 
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Table 5.1: Steady state (5 s – 30 s, n = 3) mixing index summary for Figure 5.3. 
Flow Rate (mLmin-1) Averaged Image Intensity (30 s) Standard Error 
0.25 1.486 ± 0.048 
0.50 2.154 ± 0.041 
0.75 2.945 ± 0.040 
1.00 3.122 ± 0.037 
 
 
Figure 5.3: The effect of surface displacement on the image intensity (FR = 1.0 mLmin-1, n = 3). 
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The first 5 seconds of the mixing profile shown in Figure 5.3  are in agreement with the 
phenomenon described in Section 4.8. Similar to what was described in Chapter 4, the 
averaged image intensities obtained for SD = 2.3 nm increased linearly with increasing flow 
rates (0.25 – 0.75 mLmin-1) in the first 5 seconds of SAW micromixing. The only non-linear 
increase was observed for 1.0 mLmin-1 for the first 3 seconds, followed by a linear increase 
from 3 – 5 seconds. 
During the first 5 seconds of SAW micromixing, sharp increases in average image intensity 
were observed for all flow rates: a 10-fold increase from ≈ 0.025 to 0.25 (0.25 mLmin-1), a 6-
fold increase from ≈ 0.050 to 0.300 (0.5 mLmin-1), a 4-fold increase from ≈ 0.095 to 0.388 (0.75 
mLmin-1) and finally a 3.5-fold increase from ≈ 0.123 to 0.421 (1.0 mLmin-1). 
Similar to what is described in Section 4.8, the increase in mixing caused by acoustic streaming 
suggests that FSAWI > FFR in the initial 5 seconds. It is important to note that in this case, 
however, the sharp increase in chemiluminescent output is the result of FSAWI promoting 
successful collisions between unreacted proline and [Ru(bipy)3]3+ which are more abundant 
in the unmixed state (t → 0 seconds). 
However, after approximately 5 seconds a reverse trend to that described in Chapter 4 is 
observed. As discussed in Chapter 4, FSAWI in the form of the flow field is reflected at the 
boundary of the liquid and reversed to give rise to a double vortex flow pattern that reaches 
a steady state with decreased streaming velocity after a few seconds of acoustic streaming1. 
At this point, it is hypothesised that initial flow field forces (FSAWI) are replaced by final field 
forces (FSAWF).  
However, different from what was described in Section 4.8, after the initial 5 seconds the 
chemiluminescent output decreases at a faster or slower rate depending on whether FFR < 
FSAWF or FFR > FSAWF, respectively. The probable reason for this being that, as the 
chemiluminescent reaction progresses, the concentration of reactive species increases more 
or less rapidly depending on whether FFR > FSAWF or FFR < FSAWF, respectively. 
In addition, as the chemiluminescent reaction progresses, the localised formation of reaction 
(by)products results in less favourable reaction conditions. This is particularly important in 
the case of chemiluminescent reactions as these may only react under very specific conditions 
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(pH range, temperature, etc)2–4. Hence, regardless of long or short residence times, a balance 
between acoustic streaming velocity and fluid flow rate (FFR : FSAWF) is key to maintaining 
favourable reaction conditions in the mixing chamber. 
Finally, Figure 5.3 shows that the average image intensities plateau after the first 15 seconds 
with slight increases or decreases depending on whether the FFR : FSAWF is sufficient to 
maintain more or less favourable reaction conditions. 
Interestingly, the interplay between FSAWS and FFR described in Section 4.8 appears to have a 
different effect on the mixing profile of the chemiluminescent reaction at 2.3 nm. In fact, the 
linear increase in total averaged image intensity shown for all flow rates at 2.3 nm across the 
same time period (≈ 30 s) opposes the trend discussed in Chapter 4 and suggests that the 
effect of FSAWS and FFR is significantly different with different solutions.  
The spatial shifting of the fluorescent tracer observed in Chapter 4 was primarily described as 
a function of the FSAWS and FFR acting on the fluorescent tracer solution in the SAW 
Micromixer. Complementary to the results obtained in Chapter 4, the results shown in Figure 
5.2 and Figure 5.3 suggest that, in addition to the FSAWS and FFR driving chaotic advection in 
the SAW Micromixer, the physicochemical properties of the solvent and the solute may have 
a direct effect on the dynamics of the fluid flow. In particular, it appears that physicochemical 
properties that affect the miscibility of solutes and viscosity5 of solvents may affect their 
mobility in the SAW Micromixer. 
These observations are in agreement with a study5 which shows the effect of fluid viscosity 
on the particle trajectories arising from fluid motion driven by SAWs in a microfluidic well, see 
Figure 5.4. The study shows a marked difference in the trajectories of the fluorescent particles 
at low (b) and high (c) viscosities under acoustic SAW streaming compared to virtually no 
motion in the control (a) in which particle motion was solely attributed to Brownian motion. 
The study concluded that higher viscosities reduced the mixing efficiency as the viscous drag 
supressed the chaotic flow. Hence, in addition to FSAW and FFR, it can be hypothesised that the 
mixing profiles in the SAW Micromixer may change according to the viscosity of the fluids 
flowing through the chamber. 
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Figure 5.4: Mixing of fluorescent particles (a) Brownian motion, (b) Low viscosity SAW, (c) High viscosity 
SAW5. 
By the same token, in addition to viscosity, other physicochemical properties such as density, 
conductivity, polarity, solubility and temperature may also affect the fluid flow. 
As a matter of fact, the less soluble6 fluorescent tracer described in Section 4.8 remained 
unreacted in water and hence its mobility may have followed a different set of 
physicochemical and fluid dynamic rules from those applicable to the more soluble and 
reactive species of different chemical and kinetic nature L-proline and [Ru(bipy)3]3+. 
Furthermore, it is important to note that the measurement of the chemiluminescent output 
corresponds to the successful random collision between the two solvated species, proline and 
[Ru(bipy)3]3+, rather than solely their random spatial relocation.  
Therefore, depending on the reaction rate, fluid flow rate and intensity of the surface 
displacement, the fast generation of reaction (by)products in the SAW Micromixer may 
incrementally change the physicochemical properties of the solute-solvent system and result 
in less favorable reaction conditions. This may translate into a reduced chemiluminescent 
output, however without an actual reduction in mixing. This is a fundamental difference 
between the measurements obtained in Chapter 4 and in this chapter.  
Hence, the measurement of the chemiluminescent output may not necessarily be the best 
indicator of mixing as it is a function of the chemiluminescent reaction and is subject to its 
fast changing media. 
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5.6 CONCLUSION 
This chapter investigated the compound effects of SAW surface displacement and different 
flow rates on the chemiluminescent mixing in the SAW Micromixer over a period of 30 
seconds.  
The best mixing profiles were obtained for SD = 2.3 nm with linear increases corresponding 
to increasing flow rates ranging from 0.25 – 1.0 mLmin-1. A 10-fold increase in 
chemiluminescent response was obtained for the lowest flow rate of 0.25 mLmin-1 during the 
first 5 seconds of acoustic streaming rising from an average image intensity of ≈ 0.025 to ≈ 
0.250. 
In agreement with what was observed in Chapter 4, in all instances the mixing profile declined 
right after the first 5 seconds of SAW micromixing. However, contrary to Chapter 4 
observations, the mixing profiles declined more or less rapidly hypothetically depending on 
whether FFR < FSAWF or FFR > FSAWF. 
After the initial 5 seconds FSAWF < FSAWI, which translates into a decline in the average mixing 
index. However, in addition to the interplay between FFR and FSAWF, the decline in 
chemiluminescent output after 5 seconds was a function of the lowered concentration of 
unreacted species in the SAW Micromixer. After this period, the concentration of unreacted 
species may have been directly proportional to the flow rate. All average image intensities 
plateaued after 10 seconds with slight increases or decreases depending on whether FFR > 
FSAWF or FFR < FSAWF, respectively. 
In summary, the effect of SAW surface displacement was found to be the most influential 
factor on the average image intensity, followed by the flow rate. Different from the results 
obtained for the fluorescent tracer mixing in Chapter 4, this chapter revealed that in addition 
to the flow field (FSAW) and flow rate forces (FFR), the physicochemical properties of the 
solutions, the concentration of unreacted species, as well as the presence of favourable 
reaction conditions appeared to be key influential factors on the chemiluminescent output. 
Most importantly, it was found that the measurement of the chemiluminescent output may 
not necessarily be the best indicator of mixing as physicochemical factors may translate into 
a reduced chemiluminescent output, however without an actual reduction in mixing.  
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6 OPTIMISING MICROMIXING THROUGH PHOTODETECTION: CHEMILUMINESCENCE 
6.1 OVERVIEW 
This chapter describes the calibration and optimisation of the instrument to its optimal 
conditions followed by the determination of the instrumental limit of detection.  
The core instrumental components were calibrated before proceeding to variable 
optimisation. The photomultiplier was calibrated and tested to ensure the coherent 
conversion of its analog response to a digital signal. An auxiliary virtual instrument was 
designed to assist with the photomultiplier calibration.  
Sources of light interference were isolated, including interferences from the SAW Micromixer 
– see Section 6.4.2. Software configuration settings of the main virtual instrument described 
in Section 3.5.2 were optimised to enable maximum instrumental performance during each 
analysis. 
After calibration of the core instrumental components, the following variables were 
optimised: photodetector settings, sampling frequency, reaction pH, flow rate, SAW surface 
displacement and analysis time.  
The test substances L-proline and [Ru(bipy)3]3+ were used for variable optimisation through a 
series of calibration curves obtained for L-proline standards in the ranges 0.0 – 100.0 µgL-1, 
0.0 – 10.0 µgL-1, and 0.0 – 0.5 µgL-1.  
The instrumental limit of detection was calculated as a function of the calibration curve 
obtained for L-proline at the lowest concentration range 0.0 – 0.5 µgL-1. 
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6.2 METHODOLOGY 
6.2.1 INSTRUMENTAL LIMIT OF DETECTION 
The instrumental limit of detection was measured as a function of the chemiluminescent 
output in the SAW Micromixer. The chemiluminescent intensity was detected and amplified 
by the photodetector and converted into a voltage signal which was plotted against time using 
the virtual instrument described in Sections 3.5.2 and 3.6.2.  
A series of L-proline standards (Section 6.3) were analysed throughout the optimisation 
process. The analysis time varied throughout the experiment as optimisation progressed. The 
peak area for each standard concentration was a function of the chemiluminescent intensity 
or concentration of sample being analysed. A calibration curve was plotted for each series of 
standards investigated and a limit of detection was calculated for each experimental 
configuration. 
The limit of detection (LOD) was calculated as indicated in Equation 6.1 below: 
𝐿𝑂𝐷 =  
3𝜎
𝑚
 Equation 6.1 
where, 
𝐿𝑂𝐷 = Limit of detection 
𝜎 = Standard deviation of the mean of all blank readings 
𝑚 = Slope of the calibration curve 
It is important to note that the chemiluminescent intensity varies randomly around the mean 
intensity as it is the product of chaotic advection in three-dimensionality in the SAW 
Micromixer. For such chaotic processes, it is recommended that the experimental standard 
deviation of the mean is used as a measurement of the uncertainty of the chemiluminescent 
intensity1. 
Hence, the standard deviation of the mean 𝜎 was calculated as a function of the uncertainty 
in the chemiluminescent intensity 𝜎(?̅?) as shown in Equation 6.2 below: 
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𝜎(?̅?) =  
𝜎𝑞𝑘
√𝑛
 Equation 6.2 
where, 
𝜎(?̅?) = Standard deviation of the mean as a function of ?̅? 
𝑞 ̅ = Arithmetic mean of n independent repeated observations 
𝜎𝑞𝑘 = Standard deviation of n independent repeated observations 
𝑞𝑘 = Number n of independent repeated observations 
𝑛 =  Number n of independent observations 
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6.3 REAGENTS 
L-proline (analytical grade; Sigma-Aldrich, Australia) standards (0.0 – 100.0 µgL-1) were 
prepared in 50.0 mM sodium tetraborate buffer (analytical grade; Ajax Finechem, Australia) 
adjusted to pH 9.0 using hydrochloric acid (analytical grade, Ajax Finechem, Australia) and 
stored in glass vials (CleanPak LaPhaPack, Thermofisher Scientific, Australia) prior to injection. 
The blank consisted of 50.0 mM sodium tetraborate buffer (analytical grade; Ajax Finechem, 
Australia) adjusted to pH 9.0 using hydrochloric acid (analytical grade, Ajax Finechem, 
Australia) and stored in glass vials (CleanPak LaPhaPack, Thermofisher Scientific, Australia) 
prior to injection. The blank measurements followed the method described in Section 6.2. 
The chemiluminescent reagent tris(2,2’-bipyridyl)dichlororuthenium(II) hexahydrate, also 
referred to as [Ru(bipy)3]2+ was prepared as described in Section 5.3 and oxidised to 
[Ru(bipy)3]3+ in-line using lead dioxide powder (analytical grade, Merck, Germany) as a 
catalyst by continuously stirring (stirrer bar magnetic cylindrical 30 x 6 mm, Science Supply, 
Australia) 1 g of lead dioxide power per 100 ml aliquot of [Ru(bipy)3]2+ solution (100Ml Beaker, 
Schott, Germany) prior to in-line filtration using a 0.45 µm teflon microfilter (Labquip Ltd., 
Ireland). 
All reagents were prepared fresh on the day prior to analysis. 
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6.4 INSTRUMENTAL CALIBRATION 
The core instrumental components (photomultiplier tube and SAW Micromixer) were 
calibrated prior to variable optimisation.  
6.4.1 PHOTODETECTOR 
An auxiliary virtual instrument was developed to calibrate the photomultiplier tube. The 
virtual instrument was designed to acquire and display a real-time plot of the photomultiplier 
readings for initial calibration using the software LabVIEW as shown in Figure 6.1 below: 
 
Figure 6.1: User interface of the virtual instrument developed to calibrate the photomultiplier tube 
(LabVIEW). 
To facilitate the calibration of the photomultiplier tube, controls located on the left hand side 
of the user interface in Figure 6.1 permitted adjustments to the photomultiplier sensitivity (≤ 
+1.1 V), sampling frequency (1-100kHz) and the total number of samples being acquired 
during calibration.  
The virtual instrument acquired data through the ADC as described in Sections 3.5.1 and 3.5.2. 
The data acquisition and processing followed the design of the block diagram shown in Figure 
6.2 below: 
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Figure 6.2: Design of the virtual instrument showing real-time data acquisition from the photomultiplier 
tube. 
The program powered the photomultiplier tube (±5 V) and incorporated variable controls for 
the control voltage (photomultiplier sensitivity or gain, ≤ +1.1 V), number of samples acquired, 
and sampling rate. For this application, the virtual instrument was configured to set the 
control voltage, thereby automatically setting the HV to determine the gain in the 
photomultiplier tube. The data acquisition was performed in a loop until the total number of 
samples was acquired. The light intensity data was corrected as per specifications of the 
photomultiplier tube manufacturer2 to correct for the voltage reference (+ 1.2 V) and display 
a positive signal (x -1 V).  
Once the auxiliary instrument was assembled, the photomultiplier tube was calibrated with 
the aid of a red light emitting diode (LED) (LED 5mm Red, λ = 660 nm, Waterclear 500 mcd, 
Jaycar) mounted on the metallic platform of the core instrumental components (Section 3.5) 
at 2.5 mm from the photodetector cell using tape (Scotch 3M, USA).  
The LED was powered by a variable power supply (0 – 30 VDC/0 – 3 Amp, Regulated Variable 
Laboratory Power Supply, Powertech MP3086, Jaycar, Australia) in series with a 10 MΩ 
resistor (0.5 W, 1% Metal Film Resistor, Jaycar, Australia). 
175 
 
The power supply was controlled manually. Voltages, 𝑣, ranging from 0.0 – 5.5 V were applied 
in 0.5 V increments. Each voltage setting was applied for 1 minute until a constant intensity 
reading recorded from the waveform chart. The measurements were done in triplicates and 
the data recorded using Excel. The light intensity (Volts) captured by the photomultiplier tube 
was correlated to the voltage supplied to the LED as shown in Figure 6.3 below: 
 
Figure 6.3: Calibration plot showing photodetection intensity as a function of the voltage applied to the LED 
(λ = 660 nm, Error Bars = Standard Error). 
Figure 6.3 shows that the photomultiplier tube was sensitive to the red light (λ = 660 nm) 
emitted by the LED at voltages 1.5 V ≤ 𝑣  ≤ 5.5 V. The calibration plot also revealed an 
exponential type of response for the photomultiplier tube in this range, see Appendix 10.3. 
This calibration study was used as a reference to verify the consistent response of the 
photomultiplier throughout the project. This protocol was repeated and referred to 
throughout the project to ensure that there were no intensity losses due to photodetector 
cell damage or interferences from external light, electrical or other sources. 
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6.4.2 SAW MICROMIXER 
Calibration of the SAW Micromixer involved measuring light interferences in the absence of 
fluids.  
The instrumental configuration and operation followed the specifications on Sections 3.5 and 
3.6. Ten SAW Micromixers (Version I) were sequentially switched on and off for 25 second 
intervals (SAW ON = 25 s, SAW OFF = 25 s). The photomultiplier sensitivity was set to the 
maximum sensitivity of 1.1 V and the sampling frequency set to 10 kHz for extra sensitivity. 
All measurements were performed ten times. 
Initial results showed the presence of light when the SAW Micromixer was switched on as 
shown in Figure 6.4 below: 
 
Figure 6.4: Light interference originated from the SAW Micromixer (Version I) in the absence of fluids. 
 (Error Bars = Standard Error) 
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Individual results showed that the photomultiplier tube detected light between 
approximately 5 and 16 seconds in the SAW (ON) configuration (Figure 6.5) compared with a 
flat baseline for the SAW (OFF) configuration (Figure 6.6) as shown below: 
 
Figure 6.5: Light detected in the absence of fluids – SAW (ON) 
 
Figure 6.6: Negligible light detected in the absence of fluids – SAW Micromixer (OFF). 
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The intensity of the light generated shown in Figure 6.5 suggested that the SAW Micromixer 
was capable of generating visible light in the absence of fluids. Further examination with an 
endoscopic camera (DIGITECH QC3374, Australia) revealed that after approximately 5 
seconds an electrical spark developed over the interdigital transducers (IDTs) of the SAW 
device. 
As a result, an extra step was added to the SAW device (Versions I and II) fabrication process 
to electrically insulate the IDTs from the air. Maximum electrical insulation was achieved by 
depositing a 1 µm layer of silicon dioxide onto the working area of the SAW devices via PECVD 
(see Section 3.4.1).  
The experiment was repeated with a new batch of silicon dioxide-coated SAW Micromixers. 
A comparison of non-coated and fully coated SAW Micromixers is shown in Figure 6.7 below: 
 
Figure 6.7: Minimising electrical arcing. 
(NC = Non-coated with SiO2, FC = Fully-coated with SiO2, Error Bars = Standard Error) 
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Figure 6.8 shows minimised electrical arcing throughout the 25 second interval in the fully 
coated SAW Micromixer:  
 
Figure 6.8: Negligible light detected in the SiO2 – coated SAW Micromixer in the absence of fluids – SAW 
(ON). 
Figure 6.8 shows significant improvement (97%) over Figure 6.5 in which the maximum light 
intensity detected is of the order of approximately 10 V. 
All following experiments utilised silicon dioxide-coated SAW Micromixers for minimised 
variability. All chambers were trialled in the absence of any fluids prior to experimentation. 
In addition, it was found that the addition of silicon dioxide to the working area of the SAW 
Micromixer facilitated the bonding of the micromixer chamber to the SAW device as the glass-
PDMS bond forms more readily3  than lithium niobate-PDMS bonds. 
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6.5 INSTRUMENTAL OPTIMISATION 
Experiments were designed in incremental steps to reduce variability and optimise the 
instrumental limit of detection. The following variables were optimised: photodetector 
sensitivity, sampling frequency, pH, flow rate, SAW surface displacement and sampling time.  
The instrumental configuration and operation followed the specifications on Sections 3.5 and 
3.6. 
6.5.1 PHOTODETECTOR SENSITIVITY 
Photodetector sensitivity was optimised to capture chemiluminescent outputs at the 
instrumental limit of detection and as such was set to a maximum of 1.1 V. 
6.5.2 SAMPLING FREQUENCY 
The sampling frequency (SF) was set to 10 kHz in the initial optimisation studies in order to 
aid in troubleshooting and also to assist in perfecting the instrumental insulation from 
interfering light. At later stages it was set to 1 kHz for faster data processing and analysis. 
6.5.3 PH OPTIMISATION 
As described in Section 6.2.1, the instrumental limit of detection is a function of the standard 
deviation of the measurements obtained for the blank readings. In the case of the 
chemiluminescent reaction in question, [Ru(bipy)3]3+ is known to react with hydroxyl ions in 
solution4,5. As a result, the lowest chemiluminescent output of a reaction involving 
[Ru(bipy)3]3+ is a function of the pH or the [OH-] of the blank solution, see Figure 6.9. 
pH optimisation studies for the reaction between [Ru(bipy)3]3+ and L-proline indicated that 
the best signal to blank ratio (Signal:Blank = 1.7) was obtained at pH 9.0, see Figure 6.10. This 
result was in agreement with the optimal pH value for the same reaction reported in the 
literature6. 
As a result, the photodetector sensitivity was set to a maximum of 1.1 V in order to capture 
the chemiluminescent output of the blank at an average baseline amplitude of 0.0236 V, ≈6x 
greater than the photomultiplier resolution (0.0040 V). 
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Figure 6.9: pH optimisation plots for the sensitive photodetection of L-proline reacting with [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 100 Hz, SD = 1.4 nm, FR = 150 µLmin-1, n = 5) 
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Figure 6.10: pH optimisation for the sensitive photodetection of L-proline using [Ru(bipy)3]3+. 
(PMT = 1.1 V, SF = 100 Hz, SD = 1.4 nm, FR = 150 µLmin-1, n = 5, Error Bars = Standard Error) 
6.5.4 FLOW RATE OPTIMISATION 
Following pH optimisation, the optimal flow rate was determined for the blank solution using 
the highest sensitivity settings. Flow rates of 100 µLmin-1, 150 µLmin-1, 200 µLmin-1, 250 
µLmin-1, 300 µLmin-1, and 350 µLmin-1 (per inlet line) were trialed as shown in Figure 6.11 and 
Figure 6.12. 
Flow rates ranging between 200 µLmin-1 and 350 µLmin-1 produced the highest 
chemiluminescent signal, however with photodetector saturation as shown at the top of 
Figure 6.11. Hence, flow rates ranging between 200 µLmin-1 and 350 µLmin-1 were discarded 
as these would not enable the analysis of higher concentrations. 
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Figure 6.11: Wide range of flow rates for sensitive chemiluminescent detection using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, SD = 1.4 nm, n = 5) 
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Figure 6.12: Narrow range of flow rates for sensitive chemiluminescent detection using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, SD = 1.4 nm, n = 5) 
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As shown in Figure 6.13, the optimal flow rate was found to be 150 µLmin-1 as it produced the 
highest mixing with the lowest variability. 
 
Figure 6.13: Optimised flow rate (150 µLmin-1) for chemiluminescent detection using 1.0 Mm [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, SD = 1.4 nm, n = 5, Error Bars = Standard Error) 
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6.5.5 SAW SURFACE DISPLACEMENT OPTIMISATION 
Following pH and flow rate optimisation, SAW surface displacements of 0.8 nm, 1.0 nm, 1.15 
nm, 1.4 nm and 1.5 nm were trialed for the optimised photodetection of the blank solution 
as shown in Figure 6.14 and Figure 6.15 below: 
 
Figure 6.14: SAW surface displacement optimisation for chemiluminescent detection using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, n = 5) 
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Figure 6.15: Optimised flow rate (150 µLmin-1) for chemiluminescent detection using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, n = 5, Error Bars = Standard Error) 
As indicated in Figure 6.15, the SAW surface displacement of 1.4 nm was found to be the 
optimal surface displacement as it produced the highest chemiluminescent output in the 
optimised detection range of the photomultiplier tube with the lowest error. 
6.5.6 ANALYSIS TIME OPTIMISATION 
As discussed in Chapter 5, the maximum chemiluminescent output is achieved after 
approximately 5 seconds. Furthermore, depending on whether FFR > FSAWF, the concentration 
of unreacted species in the SAW Micromixer may rise and shift the equilibrium to produce 
more chemiluminescent species until a plateau is reached. 
Figure 6.16 below shows the chemiluminescent output for SAW micromixing intervals ranging 
from 1 to 10 seconds in one second increments. The graph shows that the chemiluminescent 
response is proportional to the exposure time to SAW micromixing. 
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Figure 6.16: Optimised analysis time for chemiluminescent detection using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 10.0 µgL-1, n = 5) 
Figure 6.17 shows the progression of the chemiluminescent response as a function of analysis 
time in the form of the average peak areas of 5 replicates. As discussed in Chapter 5, a 
noticeable increase in the chemiluminescent output is visible after approximately 5 seconds 
of SAW micromixing, which is visible from Figure 6.17. 
Furthermore, Figure 6.17 shows that, for the optimised reaction conditions (pH 9.0, flow rate 
of 150 µLmin-1 and SAW surface displacement of 1.4 nm) the optimal chemiluminescent 
output occurred at an analysis time of 10 seconds, beyond which the chamber started to 
fracture. 
Hence, in order to expedite microanalyses, an analysis time of 10 seconds of SAW Micromixing 
(SAW ON) alternated with 60 second intervals of baseline (SAW OFF) was chosen to be used 
with the optimised conditions of pH 9.0, flow rate of 150 µLmin-1 and SAW surface 
displacement of 1.4 nm. 
189 
 
 
Figure 6.17: Relationship between analysis time and chemiluminescent response using [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 10.0 µgL-1, n = 5, Error Bars = Standard Error) 
 
6.5.7 INSTRUMENTAL LIMIT OF DETECTION OPTIMISATION 
In order to determine the instrumental limit of detection, a wide range of L-proline 
concentrations was tested (0 – 1000 µgL-1). Standards were injected in a randomised order to 
produce a calibration curve followed by the determination of the instrumental limit of 
detection as described in Section 6.2.1. 
Figure 6.18 shows calibration curves for the SAW Micromixer switched off (SAW OFF) and 
switched on SAW (ON). The instrumental limit of detection obtained for this calibration curve 
was 1.8 µgL-1 of L-proline with SAW micromixing and 7.3 µgL-1 without SAW micromixing. 
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Figure 6.18: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+. 
 (PMT = 0.75 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 0 - 1000.0 µgL-1, n = 5, Error Bars = Standard Error) 
Further optimisation of the instrumental limit of detection used a range of lower 
concentrations (0 100 µgL-1) as shown in Figure 6.19. The instrumental limit of detection 
obtained for Figure 6.19 was calculated as 1.6 µgL-1 of proline with SAW micromixing and 6.2 
µgL-1 without SAW micromixing. 
This was a very small improvement compared with the wider range shown in Figure 6.18. 
Analysis of a narrower range (0-10 µgL-1) shown in Figure 6.20, resulted in a calculated 
instrumental limit of detection of 0.7 µgL-1 with SAW micromixing and 60 µgL-1 without SAW 
Micromixing. In fact, chemiluminescent response was indistinguishable from the blank at 
these concentrations without SAW micromixing (Slope (SAW OFF) = 0.003). 
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Figure 6.19: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+. 
 (PMT = 0.75 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 0 - 100.0 µgL-1, n = 5, Error Bars = Standard Error, 
Error Bars = Standard Error) 
 
Figure 6.20: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+. 
 (PMT = 0.85 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 0 - 10.0 µgL-1, n = 5, Error Bars = Standard Error) 
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Further optimisation within a much narrower range (0 - 0.5 µgL-1) shown in Figure 6.21 
resulted in a lowest instrumental limit of detection of 0.02 µgL-1 with SAW micromixing. There 
was no noticeable change in the chemiluminescent output without SAW micromixing and 
hence SAW (OFF) measurements are not shown in Figure 6.21. 
 
Figure 6.21: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-proline = 0 – 0.50 µgL-1, n = 5, Error Bars = Standard Error) 
6.5.8 COMPARISON WITH CONVENTIONAL FIA: MIXING COIL 
The lowest instrumental limit of detection of 0.02 µgL-1 (0.18 nM, R2 = 0.993, < 6.5 % variation) 
of L-proline achieved with the use of the SAW Micromixer is approximately 60 times more 
sensitive than its equivalent (1.2 µgL-1 or 10.0 nM, R2 = 0.999, < 1% variation) in the literature7.  
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6.6 CONCLUSION 
Calibration of the photomultiplier tube and the SAW Micromixer was an essential step to 
identify and isolate light interferences and potential sources of variability within the core 
instrumental components. 
Systematic variable optimisation resulted in optimal conditions of pH 9.0, flow rate of 150 
µLmin-1 (per inlet line), SAW surface displacement of 1.4 nm and total analysis time of 10 
seconds per analysis peak. 
Optimisation of the instrumental limit of detection was achieved through the systematic 
narrowing of the analytical range from 0 – 1000 µgL-1 of L-proline down to 0 – 0.50 µgL-1. SAW 
micromixing enhanced the chemiluminescent response in all instances. In particular, the use 
of SAW micromixing enabled the analysis of standards below 10 µgL-1, otherwise 
impracticable in the absence of SAW micromixing.  
Finally, the instrumental limit of detection was calculated as 0.02 µgL-1 or 0.18 nM of L-Proline 
using [Ru(bipy)3]3+-based chemiluminescent detection in the SAW Micromixer. This 
represents an improvement of at least one order of magnitude in sensitivity over 
conventional FIA systems. 
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7 APPLICATION TO PESTICIDES 
7.1 OVERVIEW 
Glyphosate was detected in ultrapure water using [Ru(bipy)3]3+ and the applicable optimised 
conditions described in Chapter 6. 
7.2 METHODOLOGY 
The reaction for determining the lowest limit of detection for the chemiluminescent detection 
of glyphosate using the SAW Micromixer followed a method described in the literature1 and 
the methodology described in Section 6.2. 
Instrumental configuration and operation followed the descriptions in Sections 3.5 and 3.6. 
7.3 REAGENTS 
Glyphosate (analytical grade; Sigma-Aldrich, Australia) standards (0.0 – 10.0 µg/L) were 
prepared in 20.0 mM of potassium dihydrogen orthophosphate (analytical grade; Sigma-
Aldrich, Australia) and disodium hydrogen orthophosphate (analytical grade, Sisgma-Aldrich, 
Australia) adjusted to pH 8.0 using hydrochloric acid (analytical grade, Ajax Finechem, 
Australia) and stored in glass vials (CleanPak LaPhaPack, Thermofisher Scientific, Australia) 
prior to injection. 
The chemiluminescent reagent consisted of 1.0 mM of tris(2,2’-
bipyridyl)dichlororuthenium(II) hexahydrate  also referred to here as [Ru(bipy)3]2+ (analytical 
grade, Sigma-Aldrich, Australia) prepared in 20.0 mM sulphuric acid.  [Ru(bipy)3]2+ was 
oxidised to [Ru(bipy)3]3+ in-line using lead dioxide powder (analytical grade, Merck, Germany) 
as a catalyst by continuously stirring (stirrer bar magnetic cylindrical 30 x 6 mm, Science 
Supply, Australia) 1 g of lead dioxide power per 100 ml aliquot of [Ru(bipy)3]2+ solution (100 
mL Beaker, Schott, Germany) prior to in-line filtration using a 0.45 µm teflon microfilter 
(Labquip Ltd., Ireland). 
All reagents were prepared fresh on the day prior to analysis. 
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7.4 GLYPHOSATE MICROANALYSIS 
Glyphosate standards were injected in a randomized order to produce the calibration curve 
shown in Figure 7.1 below. The instrumental limit of detection was calculated for the 
detection of the pesticide glyphosate using the chemiluminescent reagent [Ru(bipy)3]3+ as 
0.96 µgL-1.  
 
Figure 7.1: Calibration curve for the reaction between glyphosate and [Ru(bipy)3]3+. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, glyphosate = 0 – 10.0 µgL-1, pH = 8.0, n = 5, Error Bars = Standard Error) 
7.4.1 COMPARISON WITH CONVENTIONAL FIA: MIXING COIL 
The detection limit achieved with the use of the SAW Micromixer (0.96 µgL-1) is almost twice 
as sensitive as the value reported in the literature1 (1.8 µgL-1) for the same reaction using 
conventional FIA, however of the same order of magnitude. 
7.5 ATRAZINE, SIMAZINE AND HEXAZINONE 
These three triazine pesticides were also trialled following the FIA method described in a 
previous study2, however without success as no significant chemiluminescent signal was 
detected with the SAW Micromixer switched on or off. 
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7.6 CONCLUSION 
In this instance, the sensitivity of the microanalysis of glyphosate is twice as sensitive as that 
for conventional FIA systems reported in the literature and can be further improved with 
further optimisation (pH, different buffer concentrations, etc). 
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8 SOURCES OF VARIABILITY 
8.1 OVERVIEW 
Following the detection of glyphosate, it was noticed that different SAW Micromixers 
performed differently and produced different instrumental limits of detection for the same 
set of standards. This led to the investigation of possible sources of variability that could affect 
chamber performance and experimental reproducibility. 
In order to investigate experimental reproducibility, five SAW Micromixers from the same 
microfabrication batch were compared. Limits of detection for all five SAW Micromixers were 
calculated and compared. The fabrication accuracy and weight of the SAW Micromixers were 
also compared. 
The sources of variability were systematically isolated and minimised as further instrumental 
optimisation progressed. Comparison of different chambers revealed that inaccurate design 
and microfabrication methods may be one of the sources of variability. In order to minimise 
chamber performance variability, the design and fabrication of the SAW Micromixer were 
refined from Version I to Version II as described in Chapter 3. 
Further investigations using acidified potassium permanganate and ascorbic acid as 
chemiluminescent reagent and chemiluminogenic sample revealed other potential sources of 
variability. Visual inspection of the two liquids showed that differences in density, ionic 
strength and viscosity resulted in the uneven distribution of the two fluids in the SAW 
Micromixer chamber. In particular, the fluid interface was deformed and the denser fluid 
occupied a larger share of the volume in the SAW Micromixer chamber. 
Finally, inconsistencies in the rollers of the peristaltic pump, depth of the inlet connections, 
and fluctuations in temperature were also accounted as possible sources of variability. 
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8.2 METHODOLOGY 
The reaction for determining the lowest limit of detection of each one of the five SAW 
Micromixers followed the method described in Section 6.2. 
Instrumental configuration and operation followed the descriptions in Sections 3.5 and 3.6. 
8.3 REAGENTS 
L-proline and [Ru(bipy)3]3+ reagents were sourced and prepared as described in Section 6.3. 
Experiments involving the chemiluminescent detection of ascorbic acid using acidified 
potassium permanganate followed a methodology described in the literature1. Ascorbic acid 
(0 - 1000 µgL-1) (analytical grade, Fluka, Australia) was prepared in 1.5% w/v metaphosphoric 
acid and 4% w/v acetic acid. 0.2 mM potassium permanganate (analytical grade, BDH, 
Australia) was prepared immediately before use by mixing the permanganate solution with 
an equal volume of sulphuric acid (2 M).  
All reagents were prepared fresh on the day and isolated from light prior to analysis. 
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8.4 SAW MICROMIXER VARIABILITY 
The SAW Micromixer performance was evaluated as a function of the limit of detection 
calculated for L-Proline standards ranging from 0 – 100 µgL-1. Detection using [Ru(bipy)3]3+ 
revealed an average limit of detection (LOD) of 7.8 µgL-1 for all five SAW Micromixers A, B, C, 
D and E, ranging from 3.4 to 12.5 µgL-1. All five SAW Micromixers are shown in Figure 8.1 
below: 
 
Figure 8.1: SAW Micromixers – Version I (A, B, C, D and E).  
Figure 8.2 - Figure 8.6 show the calibration curves for SAW Micromixers A, B, C, D and E below: 
 
Figure 8.2: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+ in SAW Micromixer A. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
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Figure 8.3: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+ in SAW Micromixer B. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
 
Figure 8.4: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+ in SAW Micromixer C. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
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Figure 8.5: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+ in SAW Micromixer D. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
 
Figure 8.6: Calibration curve for the reaction between L-Proline and [Ru(bipy)3]3+ in SAW Micromixer D. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
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Figure 8.7: Comparison of the LODs of five SAW Micromixers (A,B,C,D and E) and their masses. 
 (PMT = 1.1 V, SF = 10 Hz, FR = 150 µLmin-1, L-Proline = 0 – 100.0 µgL-1, pH = 9.0, n = 5, Error Bars = Standard Error) 
Initially, the design of the chambers used free-standing 3D printed moulds as shown in Section 
3.3.1.2, which resulted in chambers of varied size and shape as these were manually sliced 
through their approximate cuboidal boundaries using a razor blade.  
This may have resulted in significant dimensional inconsistencies, such as mass and external 
volume, as the faces of the cube were often cut at imperfect angles. Figure 8.7 shows no 
significant mass differences for all devices analysed, however Figure 8.1 reveals significant 
structural differences between all SAW Micromixers, especially in regards to the mixing 
chamber size and positioning, as well as electrode and crystal integrity.  
The optimised design shown in Section 3.3.2.2 eliminated the need for slicing as it included 
containment walls and thusly minimised variability. 
In addition to inconsistencies in the microfabrication of the micromixer chamber in Version I 
of the SAW Micromixer, flaws in the design and photolithography manufacture of the SAW 
Device were considered as significant sources of variability. 
0
2
4
6
8
10
12
14
16
A B C D E
LOD (µgL-1) Mass (g)
205 
 
In particular, as described in Chapter 3, Sections 3.3.1.1 and 3.3.1.2, the photolithography 
mask for the SAW device fabrication was refined from Version I to Version II to address 
potential variability caused by the misalignment the orientation of the IDTs relative to the 
direction of SAW propagation in the crystal. 
As described in the literature2, a slight rotation of the lithium niobate wafer during 
photolithography and microfabrication may result in the misalignment between the direction 
of propagation in the lithium niobate crystal and the direction of power flow. This may result 
in reduced SAW surface displacement efficiency and reduced SAW Micromixer performance.  
In order to avoid this diffraction effect, lines were placed at the bottom of the 
photolithography mask to permit exact alignment at the time of exposure as shown in Section 
3.3.2.2.  
8.5 OTHER SOURCES OF VARIABILITY 
Further investigations were conducted using a new batch of chambers shown below in Figure 
8.8. 
 
Figure 8.8: SAW Micromixers – Version II (A, B, C, D and E).  
The use of acidic potassium permanganate as chemiluminogenic reagent1 suggested that 
other factors may equally impact the reproducibility of the chemiluminescent analysis. 
In this case, visual inspection of the SAW Micromixer after failed attempts at obtaining a 
calibration curve using ascorbic acid and acidified potassium permanganate revealed that, 
due to the physicochemical properties of the fluid, different volumes of reagent and sample 
occupied the SAW Micromixer prior to SAW micromixing, thus affecting the ratio or 
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stoichiometry of the reaction throughout the analysis. The visual account of the phenomenon 
is shown below in Figure 8.9: 
 
Figure 8.9: Difference in fluid volume caused by differences in density. 
When tilted vertically, the denser fluid (acidified potassium permanganate, ρ ≈ 1.8 gcm-3) was 
observed to sink rapidly underneath the less dense fluid (ascorbic acid ρ ≈ 1.7 gcm-3). The 
difference in fluid density may also have a detrimental effect on mixing as – depending on the 
physicochemical properties of the liquids as discussed in Chapter 5 – the effects of the SAW 
micromixing may be lessened at the fluid interface and throughout the SAW Micromixer. 
In addition to the physicochemical properties of the two fluids and their interactions, other 
sources of variability were accrued from experimentation. These included fluctuations in 
temperature, inconsistencies in the rollers of the peristaltic pump at certain time intervals 
and finally variations in the direction of fluid delivery due to chamfered edges the inlets 
directing the flow to different regions of the SAW Micromixer chamber. 
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8.6 CONCLUSION 
Sources of variability related to the design, structure and fabrication of the SAW Micromixer 
were identified and addressed in order to minimise the experimental variability. 
Guiding lines were added to the design of the SAW device to facilitate photolithographic 
alignment of the IDTs with the direction of SAW propagation of the lithium niobate crystal. 
Furthermore, the design of the micromixer chamber was upgraded to include containment 
walls in order to produce SAW Micromixer chambers of equal mass and volume. 
Finally, other sources of variability were identified when acidified potassium permanganate 
chemiluminescence detection was trialled using the instrument. These were not directly 
related to the design or structure of the SAW Micromixer; instead variability was attributed 
to physicochemical properties of the fluids being analysed, fluctuations in temperature and 
peristaltic pump function and also to the direction of fluid delivery into the SAW Micromixer 
caused by differences in the angles of the chamfered inlets leading the fluids into the mixing 
chamber. 
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9 CONCLUSIONS AND FURTHER WORK 
The overall conclusion of this work can be summarised according to four phases: 
Phase 1: Micromixing optimisation through image analysis – discussed in Chapters 4 and 5; 
Phase 2: Micromixing optimisation via sensitive photo detection – discussed in Chapter 6; 
Phase 3: Microanalysis – discussed in Chapter 7; 
Phase 4: Sources of variability – discussed in Chapter 8; 
9.1 PHASE 1: MICROMIXING OPTIMISATION THROUGH IMAGE ANALYSIS 
The influence of four independent variables on the mixing index in the SAW Micromixer: SAW 
orientation, SAW surface displacement, fluid flow rate and pulsing was investigated. 
The effect of SAW orientation was found to be the most influential factor on the mixing index 
in combination with the direction of fluid flow in the SAW Micromixer. The angle of incidence 
of the SAWs relative to the fluid flow interface was found to strongly influence the mixing 
profile producing the lowest mixing indices when combined with unfavourable directions of 
fluid flow (TBA13, MI ≈ 25%), or when at an oblique angle of incidence (S231, TBB31 and 
TBAB31, MI ≈ 45%). 
In comparison, the highest mixing indices were achieved when the angle of incidence of the 
SAWs coincided with the opposite direction of the fluid flow in the SAW Micromixer (TBB13, 
MI ≈ 70%) or when at a right angle relative to the fluid interface and the direction of fluid flow 
(S113, MI ≈ 67%). As a result, configuration TBB13 was used in the remainder of the project. 
Fluid flow rate was found to be the second most significant variable affecting the mixing index 
in the SAW Micromixer. Lower flow rates were found to favour higher mixing indices (FR = 
0.25 mL min-1, MI ≈ 74%) over higher flow rates (FR = 1.5 mL min-1, MI ≈ 39%). In addition, the 
mixing profiles for different flow rates revealed an important interplay between the acoustic 
streaming and the fluid flow forces along the mixing profile over a short period of time (0 s – 
5 s – 30 s). 
The effect of the SAW surface displacement on the mixing index was found to be proportional 
to the amplitude of the surface displacement with highest mixing indices achieved for the 
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highest surface displacements SD ≤ 3.1 nm. Surface displacements higher than 3.1 nm should 
be avoided as they cause overheating and irreparable damage to the SAW Micromixer. 
Pulsing did not have a significant effect on the mixing index other than prolonging the lifetime 
of the SAW Micromixer and consuming less energy. In addition, RSM modelling was found to 
be a useful method for experimental design and optimization as it confirmed that the 
preliminary experimental conditions were close to optimal. 
Finally, mixing index quantification through fluorescent image analysis proved to be an 
adequate method for SAW Micromixer optimization as it allowed different independent 
variables to be quantitatively compared.  
The best mixing profiles were obtained for SD = 2.3 nm with linear increases corresponding 
to increasing flow rates ranging from 0.25 – 1.0 mLmin-1. A 10-fold increase in 
chemiluminescent response was obtained for the lowest flow rate of 0.25 mLmin-1 during the 
first 5 seconds of acoustic streaming rising from an average image intensity of ≈ 0.025 to ≈ 
0.250. In agreement with what was observed in Chapter 4, in all instances the mixing profile 
declined right after the first 5 seconds of SAW micromixing. However, contrary to Chapter 4 
observations, the mixing profiles declined more or less rapidly depending on whether FFR < 
FSAWF or FFR > FSAWF. 
After the initial 5 seconds FSAWF < FSAWI, which translates into a decline in the average mixing 
index. However, in addition to the interplay between FFR and FSAWF, the decline in 
chemiluminescent output after 5 seconds may have been a function of the lowered 
concentration of unreacted species in the SAW Micromixer. After this period, the 
concentration of unreacted species was directly proportional to the flow rate. All average 
image intensities plateaued after 10 seconds with slight increases or decreases depending on 
whether FFR > FSAWF or FFR < FSAWF, respectively. 
In summary, the effect of SAW surface displacement was found to be the most influential 
factor on the average image intensity, followed by the flow rate.  
Different from the results obtained for the fluorescent tracer mixing in Chapter 4, this chapter 
revealed that in addition to the flow field (FSAW) and flow rate forces (FFR), the physicochemical 
properties of the solutions, the concentration of unreacted species, as well as the presence 
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of favourable reaction conditions appear to be key influential factors on the 
chemiluminescent output.  
Most importantly, it was found that the measurement of the chemiluminescent output may 
not necessarily be the best indicator of mixing as physicochemical factors may translate into 
a reduced chemiluminescent output, however without an actual reduction in mixing.  
9.2 PHASE 2: MICROMIXING OPTIMISATION VIA SENSITIVE PHOTO DETECTION 
Calibration of the photomultiplier tube and the SAW Micromixer was an essential step to 
identify and isolate light interferences and potential sources of variability within the core 
instrumental components. 
Systematic variable optimisation resulted in optimal conditions of pH 9.0, flow rate of 150 
µLmin-1 (per inlet line), SAW surface displacement of 1.4 nm and total analysis time of 10 
seconds per analysis peak. 
Optimisation of the instrumental limit of detection was achieved through the systematic 
narrowing of the analytical range from 0 – 1000 µgL-1 of L-proline down to 0 – 0.50 µgL-1. 
SAW micromixing enhanced the chemiluminescent response in all instances. In particular, the 
use of SAW micromixing enabled the analysis of standards below 10 µgL-1, otherwise 
impracticable in the absence of SAW micromixing.  
Finally, the instrumental limit of detection was calculated as 0.02 µgL-1 or 0.18 nM of L-Proline 
using [Ru(bipy)3]3+-based chemiluminescent detection in the SAW Micromixer. This 
represents an improvement of at least one order of magnitude in sensitivity over 
conventional FIA systems. 
9.3 PHASE 3: MICROANALYSIS 
Chemiluminescent microanalysis of glyphosate using [Ru(bipy)3]3+ under the optimised 
conditions established in Chapter 6 resulted in a limit of detection of 0.96 µgL-1. The sensitivity 
achieved through the use of the SAW Micromixer is of the same order of magnitude of 
conventional FIA analysis in this case. This may be because the chemiluminescent signal 
characteristic of the reaction with glyphosate is significantly lower than that for L-Proline. 
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9.4 PHASE 4: SOURCES OF VARIABILITY 
Sources of variability were investigated in an attempt to reduce error and increase 
experimental reproducibility. A comparison between different SAW Micromixers revealed 
that chamber design and fabrication accuracy were potential sources of variability, especially 
as the performance of the SAW device may vary depending on the accuracy of the 
photolithography method relative to the axis of SAW propagation. Changes to design and 
fabrication procedures were put in place in order to reduce variability throughout the 
experiment. 
Important observations were made while attempting to evaluate SAW Micromixer 
performance using ascorbic acid and acidified potassium permanganate. Most notably, it was 
found that physicochemical factors such as solution density, ionic strength and viscosity may 
significantly affect the accuracy of the microanalysis in the SAW Micromixer. Physicochemical 
factors that primarily affect physical properties of the liquids such as volume may affect the 
initial reaction conditions by changing the initial volume and hence stoichiometry or ratio of 
reagent:sample reacting. 
9.5 SUGGESTIONS FOR FUTURE WORK 
Suggestions for further work include variable characterisation and modelling to optimise 
chamber performance for different solutions. Physicochemical properties of different 
solutions such as polarity, pH, conductivity, viscosity, density and temperature and their 
compound effect can be categorised and assigned different weights in a mathematical model 
to predict lowest detection limit in the SAW Micromixer with maximised reproducibility and 
accuracy.  
Another possibility for further work is to enhance the chemiluminogenic response by 
sequentially utilising dispersed solid phase extraction beads within the SAW Micromixer for 
analyte enrichment followed by chemiluminogenic reaction. In addition to this, further 
optimisation studies for the detection of glyphosate are recommended, including the use of 
different buffers in order to reduce buffer interference. Finally, the platform can be adapted 
for the detection of fluorescent, phosphorescent, bioluminescent and other 
chemiluminescent reactions in the liquid phase.  
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10 APPENDIX 
10.1 IMAGE INTENSITY CODE FOR CHEMILUMINESCENT IMAGE ANALYSIS 
The code utilised for measuring the total image intensity in Chapter 5 was the following: 
<html> 
<body> 
<form action="" method="post" 
enctype="multipart/form-data"> 
<label for="file">Filename:<L-1abel> 
<input type="file" name="file" id="file"><br> 
<input type="submit" name="submit" value="Submit"> 
</form> 
</body> 
</html> 
<?php 
//avergage function 
function average($imgfl) { 
$imgr = file_get_contents($imgfl ); 
    $img = imagecreatefromstring( $imgr ); 
    $w = imagesx($img); 
    $h = imagesy($img); 
    $r = $g = $b = 0; 
    for($y = 0; $y < $h; $y++) { 
        for($x = 0; $x < $w; $x++) { 
            $rgb = imagecolorat($img, $x, $y); 
            $r += $rgb >> 16; 
            $g += $rgb >> 8 & 255; 
            $b += $rgb & 255; 
        } 
    } 
    $pxls = $w * $h; 
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    $r2 = $r; $g2 = $g; $b2=$b; 
    $r = round($r / $pxls)/255; 
    $g = round($g / $pxls)/255; 
    $b = round($b / $pxls)/255; 
        $total = ($r + $g + $b) / 3; 
        return $total; 
} 
if ($_FILES["file"]["error"] > 0 || !isset( $_FILES['file'] )) 
  { 
  echo "Please upload file above.  " . $_FILES["file"]["error"] . "<br>"; 
  } 
else 
  { 
  $colorpix= average($_FILES["file"]["tmp_name"]); 
  $inverted = 1 -  $colorpix; 
  echo "Upload: " . $_FILES["file"]["name"] . "<br>"; 
  echo "Type: " . $_FILES["file"]["type"] . "<br>"; 
  echo "Size: " . ($_FILES["file"]["size"] / 1024) . " kB<br>"; 
  echo "Stored in: " . $_FILES["file"]["tmp_name"] . "<br>"; 
  echo "Average intensity: " . $colorpix . '<br>'; 
  echo "Inverted average intensity: " . $inverted; 
  echo '<br><br>Average alpha index: <br><div 
style="width:300px;height:300px;background-color:rgba(0, 0, 0, '. $inverted. ');"></div>'; 
  }   
  ?> 
  
215 
 
10.2 PUBLISHED ARTICLE 
 
  
216 
 
10.3 PHOTOMULTPLIER TUBE DATASHEET 
 
217 
 
 
